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PREFACE 


Since 1964 67 when Ihe previous three volumes of Chemistry and Technology 
of Explosives appeared, considerable progress has been made in the field of the 
science of explosives Ihe science in a broader sense which includes not only 
the theoretical knowledge of explosives but also their manufacture, problems of 
safety in the manufacturing processes and handling. 

As in the previous three volumes the author limited his text to chemistry and 
technology of explosives. The problems of the theory of detonation and analyti- 
cal ones are not discussed here and are only touched as much as it was needed to 
understand the properties of explosives. Thus in the ‘Introduction’ chapter a 
description is given of the relationship between the chemical structure and the 
parameters of the explosive properties, as this refers to the structural problems 
of organic substances possessing such properties. 

However, the author wishes to point out that he is not giving the full review 
of the existing progress for some particular reasons a general philosophy for 
Peace in the World and some personal reason as a former POW. lie is completely 
against the use of explosives for military purposes and has dedicated his book to 
peaceful applications. 

The author wishes to quote from the book by S. Fordham, High Explosives 
and fropellants (Pergamon Press): “The explosives technologist, who has usually 
seen and perhaps even experienced the effects of explosives is the last to want 
war or for his products to be used for warlike purposes. It is no accident that 
Nobel who founded the modern explosives industry also founded the Peace Prize 
associated with his name”. 

Once more the author would like to repeat what he said in the preface to his 
book in 1964 67: “. . . more explosives have been used in peace than in war. 
Modern civilization and modern progress would be impossible without explos- 
ives.” Nevertheless, following this line of thought no mention is made in this 
book on shells, projectiles, fuses etc., or other parts of military weapons. How- 
ever it is still difficult to distinguish between military and peaceful application of 
military weapons. Here are a few examples: 

(ias burning from a newly drilled oil pit in Karlin in Northern Poland in 

1981 was successfully extinguished with howitzer shells; the danger of an 

avalanche of snow can be prevented by firing special guns with shells filled 
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with high explosives; firing rockets with explosives loaded with silver 
iodide is in use for promoting rain (Vol. Ill, p. 324). Silver iodide dis- 
persed in higher layers of atmosphere by anti-aircraft rounds is in use in 
the U.S.S.R., according to "TWA Ambassador ” (p. 37, May 1981). 

A conscientious attempt has been made to cover the available literature on 
the subject, however not every paper and report has been mentioned as it was 
considered to be of greater value to couple a reasonably comprehensive coverage 
with a critical assessment of the available information and not to describe every 
paper. The excellent Encyclopedia of Explosives and related items produced by 
(the late) B. T. Fedoroff, O. E. Sheffield and S. M. Kaye should be consulted for 
the whole literature on explosives. 

Also excellent reviews have appeared in Volumes of Annual Reviews of 
Applied Chemistry , Issued by Society of Chemical Industry, London, between 
1950 and 1975, written by J. Taylor, E. Whitworth, W. E. Batty, I. Dunstan and 
a number of authors from I.C.I. Ltd. 

The author apologises to the authors for any important work overlooked in 
the present volume. 

It is the pleasant duty of the author to thank aU the colleagues who res- 
ponded to his request for information. I am most grateful to them. They were 
from: 

(1) Federal Republic of Germany: Dr A. Homburg (Koln). Dr R. Meyer 
(Essen), Dipl. Ing. H. Plinke (Bad Homburg). Dr H. Schubert and Dr 
Fred Volk (Pfingstal). 

(2) France: Ing6nieur A. Delpuech (Sevran), Ing6nieur General P. Tavernier 
(Paris). 

(3) Holland: Professor Th. J. de Boer (Amsterdam). 

(4) India: Dr A. K. Chatterjee (Hyderabad) and Dr S. P. Panda (Poona). 

(5) Japan: Mr K. Yamamoto (Asa). Professor T. Yoshida (Tokyo). 

(6) Italy: Dr E. Camera (Udine). 

(7) Sweden: Dr Jan Hansson (Sundbyberg), Dr G. A. Wetterholm (Gote- 
borg). 

(8) Switzerland: Mr Guido Biazzi. Dr G. S. Biasutti and Dr A. Fauci (Vevey). 

(9) U.K.: Mr A. Brewin, M.A. (ERDE. Waltham Abbey). 

(10) U.S.A.: Professor J. F. Bunnett (Santa Cruz, Cal. ), Mr C. L. Coon (Liver- 
more, Cal.), Professor J. A. Concling (Chestertown, Md.), Professor 
H. Feuer (Lafayette, lnd.). Dr Mortimer J. Kamlet (Silver Spring. Md.), 
Professor Nathan Kornblum (Lafayette, lnd.). Dr A. T. Nielsen (China 
Lake, Cal.), Professor G. A. Olah (Los Angeles, Cal.). Professor Glen A. 
Russell (Ames, Iowa), Dr R. W. Van Dolah (Pittsburgh, Pa). 

(11) U.S.S.R. (Moscow): particularly to the late Professors K. K. Andreev and 
S. S. Novikov, Professors V. I. Pepekin and V. V. Sevostyanova and 
Dr G. T. Afanasyev, Dr G. N. Bezpalov, Professor V. K. Bobolev, Pro- 


fessors L. V. Dubnov and A. P. Glazkova, Dr B. N. Kondrikov, Professor 
V. V. Perekalin (Leningrad). 

(12) Poland: the late Professor W. Cybulski/MikoJ6w/, Dr T. Krasiejko, 
Dr R. Kuboszek, Dr K. Lewanska, Dr T. Mrzewiriski, Dr M. Parulska, 
Dr W. Sas, Professor M. Witanowski and Mr M. Zidlko - all from War- 
saw, and the Directors of the Institute of Organic Industry, Warsaw: 
Prof. S. Fulde, Dr W. Moszczyriski and Mrs J. Zojedziowska for their 
assistance. 

My thanks are due to Dr R. Kuboszek for his help in the proof reading and 
preparing the subjects index. 

The author thanks industrial firms which supplied him with most valuable 
information on their processes and apparatus. They are: Dr Ing. Mario Biazzi 
S.A., CH-1800 Vevey, Switzerland; Bofors Nobel Chematur, S-69020 Bofors, 
Sweden; Draiswerke Maschinenfabrik G.m.b.H., Mannheim-Wahldorf, Dynamit 
Nobel A.G., D-5000 Koln, Jenaer Glasswerk, Schott u.Gen., D-6500 Mainz, in 
FRG; Kemira OY, Vihtavuori, Finland; Maschinenfabrik Fr. Niepmann G.m.b.H., 
D-5520 Gevelsberg, Westfalen FRG; Nitro-Nobel A.B., S-7103 Gyttorp, Sweden; 
Adolf Plinke Sohne, D-638 Bad Homburg, Wasag Chemie Sythen G.m.b.H. 
D-4358 Haltern, Westfalen, and Werner & Pfleiderer, D-7000 Stuttgart, FRG; 
Nippon Kayaku Co. Ltd, Asa, Japan; S.A.PRB-Nobel-Hxplosifs, B-1960, Sterre- 
beck, Belgium; U.S. Bureau of Mines (Washington D.C.); IDL Chemicals Ltd, 
Hyderabad, India. 

The author is also grateful for the permissions received to reproduce the pic- 
tures, diagrams and text from books and journals published by: 

1. American Chemical Society, 

2. Department of Defence, Dover, N.J., U.S.A., 

3. John Wiley and Sons, Inc., New York, 

4. Plenum Press, New York, 

5. Verlag Chemie, Weinheim, FRG. 

Finally my thanks are due to Mr 1. Robert Maxwell, M.C., Chairman of 
Pergamon Press Ltd, Oxford, Mr Alan J. Steel, Publishing Director, Dr Colin J. 
Drayton, Senior Managing Editor and Mr Peter A. Henn, Senior Publishing 
Manager of Pergamon Press, and Mrs Eileen Morrell for tidying up my ‘foreign' 
English. 
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INTRODUCTION 

(Vol. I,p. I) 


NOVEL INFORMATION ON EXPLOSIVE PROPERTIES 

It has been shown that some non-explosive organic and inorganic substances can 
explode when subjected to the action of very high pressure. This was recorded 
for the first time by Bridgman |1|. Teller [2| tried to find an explanation in 
terms of the activation energy which should be lowered with increased pressure. 

More recently Malmrud and Claesson [3| examined the behaviour of a num- 
ber of compounds at a pressure of 35.000 kg/cm 2 . They found that some acids, 
such as oxalic acid hydrate malonic. tartaric and citric acid, and other common 
substances such as aspirin, sucrose, polystyrene and calcium chloride, exploded 
when high pressure was released. A number of substances (e.g. succinic, glutaric, 
adipic, maleic, fumaric, phthalic acids) did not show this behaviour. According 
to the authors they did not explode because they required higher pressure. 

The explanation given by Malmrud and Claesson is similar to that given by 
Bridgman. They believe that over a critical pressure, which depends on the co- 
efficient of friction, plastic flow stress and disc thickness, the sample becomes 
mechanically unstable when pressure is released and is violently expelled. 

Polystyrene was simultaneously carbonized which was probably caused by an 
increased temperature due to heating by friction. 

The author of the present book is inclined to rationalize that under very high 
pressure considerable deformation of the crystal-net can occur and the atoms are 
approaching distances which produce their repulsion. 

The problem arises as to whether explosives can be brought to explosion by 
high static pressure. So far the only published paper |4] indicated that nitro- 
methane. perdeuteronitromethane and a few dinitroalkancs cannot explode at 
static pressure up to 50 kbar. 

It is known that acetylenic bond possesses endothermic characteristics (Vol. 
Ill, p. 227) and it is interesting to point out that a number of acetylenic com- 
pounds were found in nature as early as 1889 (5 J and 1892 [6). Currently 
important are the works of C. R. H. Jones [7) and Bohlmann [8] who isolated 
and established the structure of numerous naturally occurring polyacetylenes 
and confirmed their structure by synthesis. Most of the polyacetylenes possess 
explosive properties. 
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With the advent of the development of the hydrodynamic theory of deton- 
ation. based on the concepts of Chapman |1 7] and Jouguet (18] , it was possible 
to calculate the velocity of detonation. The pioneering work was done by A. 
Schmidt [19] and his method was improved by a number of authors. Critical 
reviews of the methods have been described in a number of monographs: Cook 
(20] , Zeldovich and Kompaneets (21], Andreev and Belyaev [22], Johansson 
and Fersson [23] , Fickett and Davis [24] . 

The problems connected with the hydrodynamic theory of detonation are 
outside the scope of this book and only papers dealing with the correlation 
between the structure of explosives and their power will be given here. Originally 
the papers were directed to correlate the oxygen balance (OB) with the ‘explos- 
ive power’. This was initiated by Lothrop and Hendrick (Vol. 1, p. 2) and met with 
a well founded criticism (A. Schmidt, Vol. 1, p. 2). The criticism was based on the 
fact that oxygen in nitro groups has a different thermochcmical function than 
that of carboxylic and hydroxylic groups. The discussion aroused much interest 
in the attempt to introduce a differentiation of oxygen atoms. 

The first of the kind were papers by Martin and Yallop [25a, b|. They pro- 
posed a ‘corrected OB’ calculated as follows: 

OB = J2 = (r — 2x -y/2) 100 In t 100 w/n, (2) 

where: x, y. z are the respective numbers of atoms of carbon, hydrogen and oxy- 
gen in the molecule, 

n the number of atoms in the molecule, 

w summation of () atoms according to their linkages, thus: 

w = O for oxygen atoms in N() 2 groups in C-nitro, 0-nitro and V-nitro com- 
pounds. 

w = 1 for oxygen ( — O — N in 0-nitro compounds. 

h’ = 1.8 for oxygen C =0 in carboxylic groups. 

w = 2.2 for oxygen in phenols and alcohols. ± Is taken: + if the first term is 
+, and — if the first term is — . 

The rate of detonation D was calculated from semiempirical equation (3) 
[25a] . 

0cak = 2509 + 13.25 S2 + 3793 p + 12.81 p S2 (3) 

where: p is the density of the explosive (g/cm 3 ). 

In another equation they introduced the value H cal/g of the heat of form- 
ation [25b]. 

The work of Martin and Yallop was met with criticism. Thus Price [26] 
concluded that OB cannot determine the heat of explosion or detonation and 
the rate of detonation cannot be a linear function of OB. Roth (27] pointed out 
that the correlation between Martin and Yallop's ‘corrected OB' is successful 
only for a restricted group of similar explosives. The correlation breaks down for 
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osives with a positive OB. He concluded that “OB is a concept that can pro- 
useful qualitative information. It should not be used for quantitative corre- 
n except ... for chemically similar explosives.” 

number of authors: O/owiak [28), Mustafa and Zahran [29] and Pagowski 
j iried to extend the method of Martin and Yallop. In particular Pagowski’s 
. merits attention. He attempted to correct equation (2) of Martin and 
>p suggesting the ‘effective oxygen balance’ H: 


i 

i 

i 


B = (z-2x - J ^ ±P) IOO//I. (4) 

is the correction accounting for energy gains or losses from the actual 
lical structure of the compound while taking into account different oxygen 
s: those which are already bonded with carbon (('=(). C— () — N) and 
(N() 2 ) which are free to develop the exothermic reaction of oxidation, 
ir the rate of detonation Pagowski gave a semi-empirical equation (5): 


i 


/> = 8600 ± 32.7 H ( 

1 . 6 . 

cording to Pagowski the calculated values of/) fit well to experiments 

I. 

TABU' I. I- xpcrimcntal and calculated value* ol I) 


1 X plosive 

*>cxp 

0catc 

INI 

69X0 

6545 

I'ctry 1 

7450 

7505 

1 l)NA till. IXl 

7920 

7900 

(yelomte (KI)X) 

8200 

KIK5 

PI TN 

7X20 

7XX0 


ter a remarkable semi-empirical method of calculating the detonation press- 
and velocity was given by Kamlet and co-workers |31 1 . 
am let and Jacobs 1 3 1 a | have shown that the detonation pressure and vclo- 
of C — II — N — O explosives can be calculated at their initial densities above 
cm* while using the following simple empirical equations: 

P= 15.58 sfp 2 (6) 


/)= 1.029 1 (I + 1.30 p 0 ) 5 


v=nm*q\ 


(8) 
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where: 

P is the pressure in kbar, 

I) the detonation velocity in m/s, 

jV the number of moles of gaseous detonation products per gram of the 
explosive. 

M the average weight of these gases in g/mol, 

Q the chemical energy of the detonation reaction (enthalpy -All 0 /pg). 
p = the initial density. 

A few examples of the calculation of the velocity of detonation |25d| which 
give an average error of ca. V'A. only, arc given in Table 2. 


I A B I I 2.1 xperiinental and calculated rates of detonation 


1 xplmive 


*V\p 

'Vale 

deviation 
‘/Vale 'Vx 

TNI 

1.64 

6950 

6959 

+0.1 


1 44 5 

64X4 

6 595 

1.4 


1 30 

6040 

5977 

1.0 


1 00 

5100 

51 1 1 

+ 0.2 

hcric acid 

1.71 

7350 

7360 

+0.1 


1.25 

6070 

6000 

1.2 

Ammonium pit rate 

1.55 

6X50 

679X 

OK 

Tclryl 

1.70 

7Sf,0 

76X1 

+ 1.6 

1 DNA (III. 1 K» 

1 562 

7750 

77X9 

+ 0.5 

KI)X (('ytloniiel 

I.XO 

X754 

87X0 

+ 0.3 


1 60 

X060 

K09K 

+ 0.5 


1.20 

6750 

6731 

0.3 

UNIX 

1,90 

9 1 (Ml 

9117 

+ 0.2 


1X4 

9124 

8913 

2.3 


1.77 

8500 

X67I 

+ 2.0 

PI !\ 

1.77 

X600 

8695 

+ 1.1 


A few examples of the calculation of Chapman-Jouguct pressure are given 
below Table 3 |31c|. The Kamlet method is very useful for the rapid calcu- 
lation of most important constants characterizing high explosives. 

Other remarkable methods of calculating parameters of detonation have been 
developed by Pepckin, I ebedev and associates [32. 33| . They worked out |32] 
a method of calculation of heat of detonation when two factors are known: the 
bulk formula of the explosive and the enthalpy of formation A if}. The follow- 
ing are semi-empirical equations for an explosive C„ll/, O c N: 

28.9 6 + 470 (c- 6/2) + A//)’ 

C/max — 


W 
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TABLE 3. Calculation of pressure developed by detonation 


% 


Explosive 


INI 

Kl>\ 


IIMX 

I IN 
ctrvl 



''exp 

kbar 

Pcalc 

deviation 
tfcalc- Pcx 

1.62 

212 

197.8 

6.7 

1.30 

123 

127.4 

+ 3.6 

1.14 

94 

97.9 

+4.1 

1.80 

347 

342.5 

-1.3 

1.63 

283.7 

280.8 

1.0 

1.40 

213 

207.1 

2.8 

1.20 

152 

152.2 

+ 0.1 

1.90 

393 

380.9 

3.1 

1.77 

>50 

332.1 

5.1 

1.67 

300 

295.7 

1.4 

1.70 

263 

252.8 

3.9 


here: 

is the maximum possible heal of detonation in keal/kg. 

MW is the molecular weight of the compound. 

The heat of detonation at the density p g/cm 3 is Qp, and equation (10) 
akes it possible to calculate: 

Qp = Q nm 1 1 - (0.528 -0.165pm I- 4 -a)| "°» 

here: a is ‘oxygen coefficient' calculated from equation (II): 


la + 2hf2 


(ID 


ten 


q> \A.Qp = (?n»ux* 

Another more complicated formula was worked out for explosives with a 
gh content of hydrogen and low value of a, for example a < 0.4. 

The calculated figure for some common explosives are given in Table 4. 

The average deviation is 2.3% and at p > 1 .0 it is 1 .8%. 

In another paper Pepekin. Ku/nelsov and Lebedev |33| worked out more 
plicated equations which made it possible to calculate the rate of detonation 
I explosives with a bulk formula C a II/, O c Nj l> at a given density p, g/cm 3 . 
The following are equations given by these authors: 


A'bb 


0.135 a ~ + 21 h — + 0.4 (r+J+e) 
a*h a + h 

MW 


( 12 ) 


TABLI 4. Calculated and experimental data for the 
heat of detonation 


Com pound 


C/calc 

@cxp 

keal/kg 

£Wi\ 

TNT 

1.00 

830 

860 

1288 


1.60 

1000 

1030 

Picric acid 

0.90 

880 

830 

1282 


1.70 

1030 

1010 

Tetryl 

0.98 

980 

960 

1431 


1.69 

1150 

1160 

Nitroguamdinc 

0.80 

970 

980 

1 102 


1.58 

1030 

1060 

Cydonite (RDX) 

1.10 

1 160 

1 190 

1481 


1.70 

1280 

1290 

Octogcnc 

1.30 

1200 

1210 

1477 


1.80 

1 300 

1 300 

I’l I N 

0.90 

1260 

1 300 

1526 


1.70 

1340 

1 350 


and 

" = *»!) Pi 4 (13) 

where: 

A hii the coefficient of the composition of the compound, 
n the number of molecules in the products of the detonation, 

p, the density of the explosive. 

The rate of detonation D m/s can be calculated from formula (14) 

D 2 = 8.0 (Q + R) (14) 

where Q is the heat ol detonation in keal/kg calculated from formula (10). 

*=<~> 3 P, 2 (15) 

* 

where n z is the number of molecules in the products of detonation. 

Pressure is calculated from equation (16): 

P = Pi D 2 (r, - \)lx, (16) 

where is the experimental degree of compression in the front of the deton- 
ation wave where density is p: 



The calculated and experimental data for D and P are collected in Table 5. 
Mean deviation is ca. 1 .4%. 
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Compound Pi 


*BB 




Ocalc 


D. 


m/s 


exp 


P calc ^exp 
kbar 


TNT 

1.64 

Picric acid 

1.80 

Tetryl 

1.70 

Nitroguanidine 

1.70 

Cyclonite (RDX) 

1.802 

Octogcne (HMX) 

1.903 

PKTN 

1.77 

TACOT 

1.85 


1010 

0.0202 

1.38 

1173 

0.0207 

1.37 

1150 

0.0215 

1.37 

820 

0.0298 

1.31 

1300 

0.0260 

1.34 

1320 

0.0260 

1.33 

1375 

0.0243 

1.36 

1044 

0.0201 

1.37 


6900 

6940 

215 

220 

7600 

7700 

297 


7480 

7560 

257 

263 

8140 

8200 

266 


8740 

8800 

349 

347 

9100 

9150 

390 

393 

8500 

8370 

338 

350 

7310 

7250 

267 

263 


Recently Bernard |34| worked out a different formula for the rate of de- 
tonation based on his kinetic theory of detonation [35). Mis equation lor the 
correlation of the rate of detonation and the density p x in the shock wave front 

is as follows: 


D 


max 


P, k T 0 j 

Pmax ft 


(17) 


D max is the experimental rate of detonation at an infinite diameter and maxi- 
mum density p max , 
k the Boltzman constant, 

h the Planck constant, 

T 0 the initial temperature of the explosive, 

J the mean molecular diameter. 

Bernard applied his equation to a number of nitrate esters at room tempera- 
ture. 

Some of his results are shown in Table 6. 


TABLE 6. Density in front of the shock wave and 
experimental rate of detonation 


Substance 

f^max 

Pmax 

Pi 


m/s 



Nitroglycerine 
Ethylene glycol dinitrate 
PETN 

Hcxanitratc of dipentacrythrit 
Mannitol hcxanitratc 
Methyl nitrate 

7700 

8000 

8600 

7450 

8260 

8000 

1.6 

1.49 

1.77 

1.63 

1.73 

1.20 

2.57 

2.78 

2.94 

1.93 

2.43 

2.61 


A plot of log D max against log p , gives a straight line. 

Bernard and co-workers [5 1 ) extended his calculations to the rate of deton 
ation of C-nitro. O-nitro and A'-nitro compounds by using two equations. 


and 



Pi ft 7*0 

Pmax * 


6 M 


it N p 


max 


D 1 = C 0 (M/n) 


(17a) 

(17b) 


where: 

h is the Planck constant, 

M denotes the mean molecular mass of the products, 
jV Avogadro number, 

C 0 concentration of molecules on the surface of the explosive, 
n number of the nitro groups in the molecule, 
a exponent varying from 1.5 to 2. 

A characteristic feature of the calculation by Bernard is that he docs not use 
the enthalpy of detonation but considers that the density p, in the shock front, 
that is the compression by the shock wave is decisive for the rate of detonation. 
The groups 'explosofores', such as NO,, Nj are particularly strongly com- 
pressed. Thus p, lp mM for dinitrobenzene is 1 .40 and for picric acid is 1 .88. for 
azides it is approaching 1.7. 

Two more papers should be mentioned: that by Aizenshtadt |52| and one 
recently given by Rothstein and Petersen [531- The latter authors like Bernard 
[34. 5 1 ) point out that a simple empirical linear relationship exists between the 
detonation velocity at theoretical maximum density and a factor h which solely 
depends upon chemical composition and structure. 

Thus: 

D’ = D„+(pra-Po)X3.0, 08) 


where 

D' is calculated rate of detonation, 
D 0 experimental rate of detonation, 
p TM theoretical maximum density, 
p G experimental density. 


Factor F can be calculated: 


F= 100X 


fl(0) + *(N)- 


n(H) + A _ n(B)_ ntf)) _ ntffl 
2 MO) 3 I.7S 4 5 

MW 


-G (19) 


where G = 0.4 for liquid and G = 0 for solid explosives. A = 1 if the compound 
is aromatic, otherwise .4=0 and MW = molecular weight. 
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The other expressions: 

n(0) = number of oxygen atoms, 
ai(N) = number of nitrogen atoms, 
n( H) = number of hydrogen atoms, 

n(ff) = number of oxygen atoms in excess of those already available to form 
C0 2 and H 2 0, 

n(C) = number of oxygen atoms double bonded to carbon as in C =0, 
n(D) = number of oxygen atoms singly bonded directly to carbon in 
C-O-R linkage where R = H, NH4 or C. 
n(E) = number of nitrate groups either as nitrate-esters or nitrate salts. 


The relation between D' and Fean be expressed by the linear equation 

(20) 


The deviations between the calculated and experimental values in 95% of 
explosives is of the order of 5%. Some of the results are given in Table 7. 


TABLE 7. Calculated and experimental data of D. 
Calculated values of the factor F 


Substance 

TM 

D 

(calc) 

F 

Do 

(exp) 

Deviation 

% 

TNT 

1.65 

6960 

3.93 

6670 

-4 

TNB 

1.64 

7270 

4.26 

7270 

0 

Picric acid 

1.76 

7500 

4.31 

7360 

-2 

HNB 

2.0 

9500 

5.27 

9110 

4 

Tctryl 

1.73 

7910 

4.54 

7780 

-2 

Nitroguanidine 

1.72 

8160 

4.81 

8270 

+ 1 

EDNA 

1.71 

8230 

4.83 

8310 

+ 1 

Cyclonitc (RDX) 

1.83 

8850 

5.18 

8950 

+ 1 

Octogenc (HMX) 

1.90 

9140 

5.24 

9050 

-1 

Nitroglycerine 

1.60 

7700 

4.35 

7440 

-3 

DGDN 

1.38 

6760 

3.97 

6750 

0 

PF.TN 

1.77 

8290 

4.71 

8090 

-2 

DIN \ 

1.67 

8000 

4.63 

7950 

-1 

TACOT 

1.85 

7250 

4.14 

7050 

-3 


It appears that the calculation of important parameters of detonation is still 
in progress and further improvements with two basic methods: 

( 1 ) taking into account the enthalpy of detonation, 

(2) taking into consideration the kinetic theory of detonation. 

The problems are tackled in a few monographs: the earlier ones: [54—60) 
and more recent by Fickett and Davis [24] and Mader [61] . 


INTRODUCTION 1 1 

A more detailed discussion of the problems of the theory of high explosives 
are outside the scope of the present book. 


SENSITIVITY OF EXPLOSIVES TO IMPACT 

The experimental finding ofWdhle, and Wenzelberg(Vol. l.p. 3) gives a general 
estimation of the sensitivity of nitroaromatic explosives to impact as a function 
of the character and number of substituents to the benzene ring. On the other 
hand T. Urbanski [36] expressed the view in 1933 that the sensitivity of solid 
explosives to impact is a complicated function of a few factors, among which the 
most important are: 

(a) sensitivity to high temperature, 

(b) sensitivity to friction. 

This was based on two observed factors: 

(1) similarity of the curves of the sensitivity of mixtures of explosives to 

impact and sensitivity to temperature, ... . 

(2) the shape of the curves of sensitivity of solid mixtures to impact indi- 
cates that the sensitivity of mixtures is greater than that ot the compon- 
ents due to the friction of particles of two different solid substances. 

In turn, the friction can obviously generate a high temperature (Bowden 
and Tabor [37]). 

The related curves are given in Vol. 111. pp. 250, 25 1 , 262 and reproduced now 
in Fig 1. Both curves (T-sensitivity to elevated temperature, Af -sensitivity to 
impact) are clearly composed of two parts: I and II. (Curve r was «tabUshedby 
determining the temperature of ignition of the samples of 5 gin test tubes 
placed in wood alloy at 1 50°C by increasing the temperature of the alloy at he 
rate of 10°C/min. The sensitivity to impact is expressed in ordinates as the 
work in kg/cm 1 produces 50% of explosion). The sensitivity to impact is mani- 
fest by a shape where fraction 1 of the curve M indicates 'he increase of the 
sensitivity of compound A by adding a less sensitive compound B. This is ration- 
alized in terms of the friction between two foreign solid particles. 

The sensitivity of mixtures to impact through friction is particularly notice- 
able in examples of mixtures of TNT with hard crystals of ammonium nitrate 
(Fig. 70, Vol. Ill, p.262). 

Papers have been published on the increase of sensitivity to impact by adding 
gritty compound, Ubbelohde ef al. [381 and recently Scullion and McCormack 

1391 

Bowden and Yoffe [40] have developed the well known concept of ‘hot 
spots’ and that the initiation of explosion stems from ‘hot spots’ created by ther- 
mal factors and crystal hardness and shape. Small bubbles of air included in 
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FIG. I. Sensitivity to impact (Af) and initiation temperatures (7) of mixtures 
of two explosive components: A and B. (According to T. Urbanski (36) ). 


liquid explosives (e.g. nitroglycerine) also increase the sensitivity to impact 
through the adiabatic compression of air and a rapid increase in temperature. See 
also Lovecy |4 1 ) . 

Kamlet [42, 43) also agrees with the thermal character of the sensitivity to 
impact. He developed an ingenious method of calculating the sensitivity of ex- 
plosives to impact. For similar explosives he found a linear relationship between 
logarithmic 50% impact heights and values of oxygen balance OB, 0 o- The latter 
value is calculated for C— H — N — O explosives from the equation: 

_ 100(2/!o ~ "H -2n c - 2/i coo) (21) 

08,00 ' MW 

where /i 0 . "h* n C represent the number of atoms of the respective elements 
in the molecule and /icoo is thc number of carboxylic groups. 

Fifty per cent impact heights on a logarithmic scale give a straight line. 

A few figures are given (Table 8) for typical nitroaromatic compounds [42) 
and nitramines [43) . 


Explosive 


OB ,00 /I 50% (cm) 


TNT 

TNB 

Picric acid 
Stiphnic acid 


-3.08 
-1.46 
-0.44 
+ 0.41 


RDX (Cyclonite) 

HMX 

EDNA 


160 

100 

87 

43 


24 

26 

34 


Cherville and associates [44] have examined a number of explores in a mass 
pect.ograph. Particularly important and reproducible were results al 77K T ' e 
ormation of NO, was readily established in the spectrograms. The authors 
ntroduced a concept of the radiochemical yield G N0 , of the formation of NO, . 
\ considerable difference exists between the values of C NO , of nitramines and 
aitroaromatics. They correlated the values of G N0 , with those of the senut ivity 
evnlosives to impact, friction and high temperature (temperature of imtl- 


TABLE 9. Sensitivity of explosives to impact and friction 







Difference 


Explosive 

Sensitivity 
to impact 
kgm 

Sensitivity 
to friction 

kgf 

between r, and 
temp, of 
melting point t m 

l i~ l m 

GnOj 

PI TN 

RDX 

Octogene 

Teiryl 

Picric 

TNT 

Nitroguanidine 

0.31 

0.45 

0.52 

1.1 

3 

48% at 5 kgm 
no explosion 

4.5 

11.5 
10 

27%at 36 kgf 
7% at 36 kgf 

29.5 

no explosion 

79 

56 

50 

111 

178 

209 

no inflammation 

3.8 

0.9 

0.8 

0.006 

0.001 

0.001 

0 


A very important contribution to the knowledge of the sensitivity of exp os- 
ives to impact has been given by Delpuech and Cherville 45] . ^eycame to t 
conclusion tha, the basic criterion of sensitivity of explosives lie in th distri 
bution of electrons in their ground state and the comparison ^th that in the 
excited state. With the advent of quantum mechanical ™' h ° ds _" d P * 
larly that of l.N.D.O. [461 they were able to calculate he distribution of elec 
trons in explosives, thus introducing a new and original criterion of tenobnty 
of explosives. For quantitative estimation they introduced a parameter AC //. 
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AC° is the dissymmetry of the distribution of electrons in the ground state, 

/ the length of the bond C — N0 2 , N — N0 2 or O — N0 2 . 

The following are a few figures thus calculated (Table 10). Higher sensitivity 
of explosives is manifested by a higher AC° //. The data for excited state AC X // 
were calculated with the method C.N.D.O-S/C.I. (47] . 


TABLE 10. Sensitivity of explosives to impact 


Explosive 

Bond* 

c° 

C° 

/ 

C* 

/ 

DNB 

C(l)-NOj 

0.539 

0.363 

0.308 

TNB 

C(5)-N0 2 

0.575 

0.391 

0.303 

RDX 

N(1)-N0 2 

1.044 

0.764 

0.343 

HMX (6) 

N(1)-N0 2 

0.937 

0.673 

0.345 

EDNA 

n-no 2 

0.880 

0.676 

0.499 

Tctryl 

n-no 2 

0.841 

0.624 

0.478 

PETN 

o-no 2 

0.878 

0.645 

0.417 


• The numbers in brackets indicate the position of atoms of C and N in the molecule 
as given in their formulae based on crystallographic analysis (Vol. I. 181; II, 3^2, 385). 



MG. 2. Sensitivity to impact of TNT <M) and C.ibbs free energy (ft as . 


The relative change 6 from AC° to AC X can be expressed by equation (22) 

6= 100(AC»-AC°) (22) 

AC° 

Delpuech and Cherville [45b] suggest using values of A C x // and b as da.a 
indicating the tendency of explosives to decompose under impact. This would 
be particularly advisable with new explosives which although their structure is 
known, possess unknown properties. 

While examining the shape of the curve of the sensitivity to impact of TNT at 
different temperatures (Vol. 1, p. 320, Fig. 74). T. Urbanski (48] advanced an 
hypothesis that the increase of sensitivity is due to the increase of entropy (5) 
and therefore decrease of free energy G = H-TS. A critical change is at the melt- 
ing point of TNT - ca. 80°C which is well known, is manifested by a rapid in- 
crease of entropy (Fig. 2). Cruchaud (79] drew attention to the electric pheno- 
mena which accompany the shock and friction produced by the impact. Charg- 
ing with static electricity is an important factor influencing the explosion 
according to this author. 

Attention is drawn to two monographs dealing with the initiation of explos- 
ives by impact: solid explosives by Afanasyev and Bobolev [49] and liquid by 
Dubovik and Bobolev [50] . The authors based their views on the considerable 


>rk carried out by Khariton. Andreev. Belyaev. Kholevo Sukhikh, Avanesov 
ilkhovitinov, Baum and their own experiments. The authors agree wuh 
crmal nature of the sensitivity of explosives to tmpact. However most ot he 
oblems raised by the authors of the monographs are outside the scope of the 

'slwv of high explosives ( HE ) to initiation by an initiating explosive 
gap sensitivity-, ‘initiability ’) is less defined than the sensitivity to impact and 
in not be expressed in absolute units. The sensitivity of HE to initiation is 

sually determined: 

( 1 ) by the amount of the initiating explosive in the detonator (this method is 
also used to determine the ‘initiating strength’ of primary explosives), 

(2) by transmitting the detonation from one charge to another through a., 
or other medium (water or a sheet of metal or a polymer) of different 

(3) by C determining the critical diameter, that is the minimum diameter 
which is able to transmit the detonation. 

It is well known that the HE can be arranged in the sense of decreasing sensi- 
ivitv to detonation: 0 -nitro, W-nitro and C-nitro compounds. 
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( adua and Whitbread [63] described a ‘gap’ test of different explosives and 
determined the minimum gap thickness that inhibits detonation. 

Recently Ahrens [64] reviewed the problem of determination of the sensi- 
tiveness of explosives to initiation. 

Sensitivity to friction is also less defined than the sensitivity to impact and 
can be expressed only by figures comparative to a standard. By decreasing 
sensitivity the explosives can be arranged as follows [65] : 

initiating explosives (with exclusion of azides), 

0-nitro compounds, 

W-nitro compounds and metal azides, 

C-nitro compounds. 

The sensitivity of explosives to heating, naked flame, impact and friction is 
decisive in the international rules for railway traffic *RID' (Reglement Inter- 
national Concemant le Transport des Marchandises Dangereuses) [65]. Ana- 
logous rules ‘ADR’ are concerned with international motor traffic [66] . 

Important reviews have appeared on the sensitivity and initiation of ex- 
plosives [67, 68] . 

Action of Ultrasonic Waves and Laser Pulse 

Early work on the action of ultrasonic waves on explosives indicated that 
such sensitive substances as nitrogen iodide could explode [73, 74] but that 
silver fulminate could not be brought to detonation [74] . 

Some experiments by Wolfke [69] have shown that high intensity waves 
were required to bring mercury fulminate to detonation. Negative results were 
obtained by Renaud [75] who pointed out that the positive results of Marinesco 
[74] were due to the mechanical action of pushing crystals by the oscillator. 
This query was recently solved by Leiber [76] who stated that the detonation 
of nitroglycerine by ultrasonic waves can occur provided that the explosive con- 
tains bubbles and the nature of the effect is mainly thermal bringing the tem- 
perature to 300 -500°C through the adiabatic pressure of the order of 33 bar. 

Mizushima and Nishiyama [77] examined the action of laser and found that 
compressed explosives can be brought to decomposition by a giant laser pulse. 
Loose explosives cannot detonate. They examined initiating explosives, PETN, 
RDX, TNT and Tetryl. 

Action of Irradiation 

Numerous publications particularly in recent years have been dedicated to the 
sensitivity of explosives to various forms of irradiation. 

Bowden and Yoffe [70] reviewed the literature and their own work on the 
decomposition of initiating explosives by irradiation with electrons, neutrons. 


fission products, a-particles, X-rays and 7-rays. 

Recently two abundant reviews appeared in the Encyclopedia of Explosives 
edited by Kaye and Herman [71, 72] . 

Thus Avrami [71] reviewed radiation effects on explosives, propellants and 
pyrotechnics. Here are some of the main conclusions taken from the work of 
Avrami and numerous authors: initiating explosives are decomposed under 
irradiation with a-particles, neutrons, 7-radiation, electron irradiation and 
underground testing. Among the reviewed papers Avrami reported his own 
work on the influence of Co 60 gamma radiation on the detonation velocity 
of explosives: they all show a fall in velocity after irradiation. Cyclonite (EDX) 
appears to be particularly sensitive, less sensitive are PETN and HMX. Aro- 
matic compounds such as TNT and Tetryl seem to be still less sensitive. 

A good stability is shown by heat resistant explosives: TACOT, DATB 
(Diaminotrinitro-) and TATB (Triaminotrinitrobenzene) (Chapter VII). 

Helf [72] described the technique of radiation gauging in energetic materials. 

A remarkable paper has been published by Cherville and co-workers [80] . 
They examined the behaviour of a few secondary explosives to the irradiation 
from Co 60 and introduced the value G N q 2 : the quantity of N0 2 by irradiation. 
They found the values of G N q 2 being correlated to the ability of explosives to 
detonate. The following are the figures for Gnq 2 : 


PETN 

3.80 

Hexogene, Cyclonite (RDX) 

0.90 

Octogene (HMX) 

0.80 

Tetryl 

0.006 

Picric acid 

0.001 

TNT 

0.001 

Nitroguanidine 

0 


Influence of High Temperature 

The behaviour (including the decomposition) of explosives at high tempera- 
ture is one of their important characteristics. With the advent of DSC (differen- 
tial scanning calorimeter) high precision can be reached of the examination of 
endo- and exothermic changes in substances with the increase of temperature. 
This was reviewed by Collins and Haws [81]. The pioneering work on DSC by 
Tucholski in 1932-33 [82] should be recalled (see also Vol. 1, p. 525). 

Two Soviet monographs appeared [83, 84] both dedicated to thermal de- 
composition and burning of explosives, and a review by Maycock [85] . 

INCREASING THE STRENGTH OF EXPLOSIVES BY ADDING METALS 

A popular method of increasing the strength of explosives is by adding alu- 
minium and less frequently calcium silicide, ferro-silicon, silicon (Vol. Ill, 
p. 266). 
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» ^ , ' h * *• 
of ,DX (Cydonlte) given by 86 

RDX+A1 0%A1 u80 

1420 

0 1520 

in 1690 

33 1890 

_* - — - *-■ :“TS i STETr* 

‘ortho-borane (C 2 Hi 2 B l0 ) w Cyclonitc with boron or ortho- 

I8 7l. They examined mixtures of PE ™ ^ reachcd a max imum (1890 

borane. The calorific value of Cycloa * hed , va i uc of ca. 2050 kcal/kg. 
kcal/kg) with ca. 16% B. PETN w.th ca. 22% reached 
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CHAPTER 1 

NITRATION AND NITRATING 

AGENTS 

(Vol. I, p. 4) 

A considerable number of papers were dedicated to the problem of nitration in 
the years following the publication of Vol. I. 

Among nitrating agents the most important still remain nitric acid-sulphuric 
acid mixtures, but some other very efficient nitrating agents related to nitric 
acid have been found and are in use. mainly on a laboratory scale. 


NITRIC ACID (Vol. I, p. 6) 

Considerable attention is currently being paid to nitric acid (and nitrogen 
dioxide) because of their wide use, not only for nitration, but also as oxidizing 
agents in rocket propellant systems. A review has recently been published by 
Addison [ 1 ) . 

Pure nitric acid free of nitrogen dioxide, so called white fuming nitric acid 
(WFNA), is in use as an oxidizer and for nitration of some compounds (e.g. 
hexamethylene tetramine (hexamine] , Vol. Ill, p. 87). 

However WFNA is relatively unstable and with time develops a certain 
amount of dinitrogen tetroxide. More stable for rocket propulsion is red fuming 
nitric acid (RFNA) which contains ca. 14 wt% N 2 0 4 . It is formed from WFNA or 
from nitric acid with added N 2 0 4 . RFNA is the equilibrium product formed 
from both extremes of the concentration range: 


UNO, — UNO, + N,0 4 + H,0 — HNO, + Nj0 4 

WFNA 84.5% 14% 1.5% (in excess. (1) 

subject to 

RI-NA evaporation). 

RFNA is more reactive than WFNA, N 2 0 4 being a sui generis catalyst of the 
oxidation reactions. Subsequently RFNA is more recommended in rocket fuel 
than WFNA, but should be avoided in most nitration reactions. Dinitrogen tetr- 
oxide (usually given in analytical data as N0 2 ) is present in spent acids contain- 


21 


22 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 

ing nitric and sulphuric acids and is formed in the course of nitration as a result 
of the oxidation of the nitrated substances. The content of N0 2 in the spent 
acid can be as high as 5%. Commercial ‘fuming nitric acid’ (‘anhydrous nitric 
acid’) usually contains less than 1% N0 2 and is used for the nitration of hex- 
amine. 

Pure nitric acid (WFNA) can be obtained by distillation of nitric acid from a 
mixture of concentrated nitric acid (d 1.50 at 25°C) and concentrated sulphuric 
acid, under reduced pressure at room temperature. A white crystalline solid 
results with the following properties 1 1 ) : 

m.p. - 41.6°C 

b.p. + 82.6°C 

d - 1.549 at 0°C 

viscosity 10.92 cPat 0°C 

dielectric constant 50 ± 10 at 14°C 

surface tension 43.5 dy/cm at 0°C 

specific conductivity 3.77 X 10' J ohm"' cm' 1 . 

The latter two figures are high due to hydrogen bonding (Vol. I, p. 7. Fig. I ). 
The data in Fig. la (Vol. I, p. 7) should be slightly altered on the basis of more 
recent measurements by micro wave spectroscopy |2. 3] . They arc now given in 
Fig. 3. 



FIG. 3. Structure of the molecule of nitric acid 12. 31 


It is well known that nitric acid forms an azeotropic solution with water. It 
contains 68.5 wt% HN0 3 and boils at 122°C under standard atmospheric press- 
ure. 

Cryoscopic measurements (Vol. I, pp. 15-16) have shown that only a little 
over 3% of pure nitric acid is dissociated at — 40°C according to the equation: 


NITRATION AND NITRATING AGENTS 

2HNO, NO, 4 + NOT + H,0 

1.2 1.7 0.5 wt%. 

Water is in the form of the nitric acid hydrate. 

A few more spectroscopic data for nitric acid should be added to those pre- 
viously given (Vol. I. p. 22). Vitse [31d] has found bands in nitric acid. 1680, 
1300 and 930 cm -1 assigned to NOj and band 3200 cm 1 to OH stretching 

vibrations. + 

It is now generally accepted that the nitronium ion N0 2 is the main nitrat- 
ing agent. Although most industrial nitrations are carried out by nitric acid- 
sulphuric acid mixtures, some compounds can be nitrated with nitric acid alone 
(production of tetryl, Vol. Ill, p. 42). Some products, such as PETN (Vol. II, 
p. 185) are usually obtained by nitration with nitric acid alone and Cyclomte 
(if made by nitration) is produced exclusively with nitric acid free ot N 2 0 4 
(Vol. Ill, p. 87). 

Although the nitronium ion is the nitrating agent, there are known examples 
when nitration can occur in media in which the concentration ot N0 2 is too 
small to be detected spectroscopically (Vol. I, pp. 25, 48). This was pointed out by 
Bunion and Halevi |4| who succeeded in nitrating aromatic compounds with 
40-60% aqueous nitric acid. Bunton and co-workers [5, 6) showed that the 
nitronium ion was an intermediate in both oxygen-exchange and aromatic 
nitration in the sense of reactions: 

2HNO, II, NO 4 + NO* , (3) 

II, NO, 4 NO, 4 +11,0. 

Hydrated nitronium ion (nitracidium ion) H 2 NO* is a source of the nitrating 
agent NO*. 

It was reported (7) that nitration of 1,5-dinitro-naphthalene can occur with 

70% nitric acid to yield trinitro-naphthalenes. 

The problem of nitration with aqueous nitric acid was reviewed by Hanson 
and associates [8] . They confirmed the idea of nitracidium ion being a nitrating 
agent and pointed out that attention should be paid to the presence of nitrous 
acid in the system, as nitration with dilate nitric acid can proceed through the 
nitrosation by nitrous acid formed as the result of oxidation-reduction. T. 
Urbariski and Kutkiewicz [9] (Vol. I, p. 85) found that 8-hydroxyquinoline can be 
nitrated by boiling with 0.5% nitric acid to yield 5, 7-dinitro-8-hydroxy quino- 
line. It was also found that 8-hydroxy-5-nitroquinoline yielded the same dinitro 
derivative. 

As far as the mononitration of phenol and the formation of 8-hydroxy-5- 
nitroquinoline can be explained in terms of the conventional mechanism of 
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mtrosation followed by the oxidation of nitroso to the nitro group (p. 23) this 
mechanism could not explain the formation 5,7-dinitro-8-hydroxyquinoline 
from mononitro compound. The mononitrophenols cannot be nitrosated with 
nitrous acid and subsequently the formation of the second nitro group cannot 
occur through nitrosation. Nevertheless, the reaction of formation of the dinitro 
compound from the mononitro product is preceded by the oxidation and evo- 
lution of N0 2 . This would apparently suggest that nitrosation (as shown above) 
is not possible with 8-hydroxy-5-nitroquinoline. 

Also Ross and co-workers (87) pointed out that the accepted scheme of 
nitration of phenol in 56.2% sulphuric acid through nitrosation prior to nitra- 
tion, is inconsistent with the results and expressed the view that another route 
should exist. 

The author of the present book suggests the solution of the problem of 
nitration of phenols with dilute nitric acid in a two-fold way: 

( 1 ) Through oxidation (which always accompanies nitration and particularly 
the nitration of phenols) N0 2 is evolved and the well known reaction 
occurs: ’ 

2 NO, ♦ 11,0 — UNO, 4 UNO,. (5 a ) 

(2) The dilute nitric acid originally present in the solution and also formed 
in reaction (5a) can given rise to N0, + in a readily oxidizable medium 
according to scheme (5b) rationalized by the author ( 1 1 2) : 

NO, — NO* ♦ O'* (5b) 

Reaction (5b) can take place in readily oxidizable mediums such as phenols 
and aromatic amines. 

NITRIC AND SULPHURIC ACID 

Mixtures of nitric and sulphuric acids contain nitronium sulphates which have 
been described by Ingold and associates, Woolf and Emeleus(Vol. I.p. 19). Reval- 
lier and co-workers (10) have found by Raman spectroscopy and vapour press- 
ure measurements, that compounds made by acting with S0 3 on nitric acid are 
salts of nitronium ion (N0 2 + ) and sulphate anions. Vitse [ 1 1 1 established the 
structure of the compound N 2 0 5 .4S0 3 as nitronium ion salt by X-ray crystal- 
lography. The salts of pyrosulphuric acid (Vol. I. p. 1 2) can be present only in a 
mixture of nitric acid with oleum or S0 3 . They are described in the paragraph 
on nitronium salts (p. 27). The presence of NO^ in various solutions was dis- 
cussed in Vol. I, pp. 14-49. 

The basicity of nitric acid in the sense of the dissociation N0 2 OH ^ N0 2 + + 
Oil in concentrated sulphuric acid was recently studied by Marziano et al. 


NITRATION AND NITRATING AGENTS 25 

(12) : the ionization ratio N0 2 + /HN0 3 of nitric and 80-96% sulphuric acids has 
been evaluated by Raman and ultraviolet spectroscopy. The function pK a of 
nitric acid as a base was calculated p K d = —15.2. 

As far as the activity of the nitrating mixture (Vol. 1, p. 29) is concerned, a 
novel approach to the problem was recently developed by Marziano and associ- 
ates (13). In a series of papers on thermodynamic analysis of nitric acid with 
sulphuric or perchloric acid these authors introduced a new function of the 
activity coefficient Me' 

« - 

where is the activity coefficient of the nitrated substance, / H + activity co- 
efficient of the proton H + . 

Effects of Adding Salts on Nitration in Sulphuric Acid 

A few authors have examined the effect of adding salts on the rate of nitra- 
tion in sulphuric acid. 

Thus Surfleet and Wyatt |14| studied the nitration of benzenesulphonic acid 
in sulphuric acid and found that the addition of hydrogen sulphates of various 
metals increases the nitration rate. The most marked effect occurred with cal- 
cium. and barium hydrogen sulphates. An explanation of the effect was sought 
in terms of the Bronsted salt-effect theory. It was suggested that the main in- 
fluence of ionic solutes is in the activity coefficient of the nitrated substance 
(f B ) since the activity coefficients of the other two species, the nitronium ion 
(/no*) and ,hc similarly charged transition complex (/£)as a ratio in the Bron- 
sted equation and would be approximately equally affected by changes in the 
ionic environment. The view was expressed that reactions involving only ionic 
species would exhibit small salt effects. 

Bonner and Brown (15) expressed the view that the increase in reaction rate 
due to added salts is similar to the increase initially resulting from the addition 
of water to anhydrous sulphuric acid, attaining the maximum at ca. 90% acid. 
They supported it by examining the rates of nitration of trimethylphenyl- 
ammonium ion and 1 -chloro-4-nitrobenzene. When ammonium sulphate was 
added, the rate increased more than X20 their value in the anhydrous acid. On 
the nitration of cellulose with nitric acid in the presence of inorganic salts (see 
Vol. II, p. 346). 


Nitric Acid and Trifluoromethane Sulphonic Acid 

A very interesting nitrating mixture has been reported by Coon, Blucher and 
Hill [16]. It was composed of nitric acid and trifluoromethane sulphonic acid: 
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CFj SOjH. It contains nitronium salt: N0 2 + CF 3 S07. The major difference 
between the aromatic nitration with this and other nitronium salt is an ex- 
tremely high reaction rate. 

The nitration of toluene with such a mixture is described in the chapter 
dedicated to the nitration of aromatic hydrocarbons. 

Nitric Acid and Hydrofluoric Acid 

NMR spectroscopy revealed [17] that N0 2 + is also formed by acting with HF 
on nitric acid, viz.: 

UNO, ♦ 21 IF — NO 1 ♦ 11 , 0 ' * :p*. (6) 

Earlier the presence of NO^ in nitric acid— hydrofluoric acid solution was 
postulated by Vorozhtsov Jr and his School (18) . Vorozhtsov Jr and associates 
[ ,9 I ,ound that nitric acid -hydrofluoric acid solution can produce both: the 
nitration and fluorization of aromatic compounds through an ipso-attack (sec 
p. 50) of both N0 2 + andF” 

Nitric and Phosphoric Acid 

It is admitted that anhydrous solution of nitric and phosphoric acids contains 
nitronium ion. 

So far nitric- phosphoric acid mixtures have been mainly of theoretical inter- 
est (Vol. II, p. 341). However recently a few attempts have been reported on the 
nitration of toluene with nitric- phosphoric acid mixtures in order to reduce the 
proportion of o-nitrotoluene and subsequently to increase the yield of para 
isomer (Harris [20] ). 

Nitric Acid and Acetic Anhydride 

Nitric acid and acetic anhydride mixture is often used as a nitrating agent on 
a laboratory scale. It is possible that nitronium ion is present in such solutions 
I 2 1 1 • According to A. Fischer and associates [22, 23] nitric acid-acetic anhy- 
dride mixtures contain nitronium acetate. Nitric acid-acetic anhydride yield not 
only nitro compounds but can also produce an acetylation through the oxid- 
ation and subsequent acetylation of the side chain [23]. Thus o-xylene sub- 
jected to the action of nitric acid-acetic anhydride at 0°C gave 16% 3-nitro- 
and 33% 4-nitroxylene and 51% 3,4-dimethylphenyl acetate. The authors sug- 
gested it as being the result of the presence of oxonium ion CH 3 COO + N0 2 . 
Nucleophilic attack on a ring carbon leads to acetoxylation. 

Very often nitration with nitric acid-acetic anhydride solution is referred to 
as nitration with acetyl nitrate (Vol. I, p. 44). Petrov and co-workers [24] experi- 
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mented with nitric acid and acetic anhydride with a small quantity of sulphuric 
acid at 35°C on ethoxyvinylphosphates. The ester was. hydrolysed to yield a 
nitromethane derivative: 

(RObHOK H=( IKH J II, (RObllOK II-t lC^.^^ ^ leoph -| e 

NO* (7) 

— ♦tR0> J l10|C H=N^-^-^(R0bl*(()IIK HjNO,. 

Literature on the practical use of nitric acid- acetic anhydride includes also 
some warnings on explosion hazards associated with the use of mixtures of fum- 
ing (97%) nitric acid with acetic anhydride. Thus Brown and Watt [25] demon- 
strated that mixtures of nitric acid with acetic anhydride containing more than 
50% by weight of nitric acid can undergo a spontaneous explosion. 

Dingle and Pryde [26] extended this warning also to mixtures containing 
less than 50% nitric acid. Particularly dangerous is the addition of a small quan- 
tity of water or some mineral acids to such a mixture. A mixture containing 6% 
nitric acid in acetic anhydride with 1.7% concentrated hydrochloric acid was 
found to self-heat at 20°C and to fume-off vigorously at 60°C with gas evo- 
lution. 

Nitric Acid with Cerium Ammonium Nitrate or Tallium Nitrate 

Considerable interest has been shown recently in the use of cerium (IV) 
salts as oxidizing agents. Cerium (IV) ammonium nitrate can also be a nitrating 
agent [125]. It can also act in the presence of acetic acid 1 1 19] . In the presence 
of nitric acid [ 1 20] it can form nitrate esters from the methyl group, viz.: 

<11, — *• (TIjONOj 

(see Chapter X). 

Tallium (III) nitrate can also be used as a nitrating agent [119]. 

NITRONIUM CATION (N0 2 + ) AND ITS SALTS 

Crystalline nitronium salts were first obtained as early as 1871 by Weber [27] 
(see also Vol. I, p. 12). He gave the composition N 2 0 5 .4S0 3 .3H 2 0 and 
N 2 0 5 .4S0 3 .H 2 0. Several similar salts have been obtained by a number of 
authors [10, 28-30]. The most important contribution to the knowledge of 
stoichiometry of N 2 0 s .S0 3 and N 2 0 5 .S0 3 .H 2 0 complex-salts has been made 
by Vitse [31]. 

All these salts possess ionic structure comprising cation N0 2 bonded in 
various proportions to HS07, HSjC^, S 2 0 7 2- etc. 
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Some of the salts possess a great stability if protected from moisture. Thus 
Werner compound N 2 0 s .4S0 3 .H 2 0 has the structure N0 2 + HS 2 07 and m.p. 
105.6 C [ 1 OaJ . The compound 8N 2 Os.20SO3.7H 2 O with the structure 
(N0 2 + ) l6 S 2 0 7 2 (HS 2 0 7 ) 4 (HS07),o has m.p. 119.8°C. Its crystal structure 
was determined by X-ray analysis [1 1] as already mentioned (p. 28). 

Other salts of nitronium ion and sulphuric acid have been previously des- 
cribed (Vol. I, p. 19). Ingold and co-workers (Vol. I, p. 19) obtained crystalline 
nitronium perchlorate which was relatively stable, but decomposed on storage 
and was not further investigated. 

R. J. Thomas, Anzilotti and Hennion [32] reported that boron trifluoride 
could play the same part as sulphuric acid in the nitration of aromatics. Olah and 
co-workers [33, 40) prepared and successfully applied a number of stable salts 
of nitronium ion in a relatively simple way: 

NO, + X where X = BF,, AsF 6 , PF 6 
and 

(NO, + ) 2 Kwhen K = SiF* a ". 

Particularly important is nitronium tetrafluoroborate obtained by adding 
anhydrous HF to nitric acid in a solvent such as nitromethane or methylene 
chloride and then saturating the solution with boron trifluoride (8): 

UNO, 4 III ♦ :»l . — - NO ; * HI , ♦ HI ,11.0. ( 8 ) 

An almost quantitative yield of stable nitronium salts N0 2 + BF7 can be obtained 
in that way (34) and it is now commercially available [351 - It « a colourless, 
crystalline very stable compound which decomposes above 170°C into N0 2 F 
and BF 3 without subliming. It is a very strong nitrating agent [36] . 

Among other compounds nitric acid-boron trifluoride HN0 3 .2BF 3 complex 
(m.p. 53°C) obtained by Revallier and associates [37] proved by Raman spec- 
troscopy to possess the structure of nitronium salt N0 2 + (BF 3 ) 2 OH [38]. 

Nitronium ion is able to form nitroxonium and pyridinium ions with ethers 
and pyridine or collidine respectively by acting on ethers and pyridine or colli- 
dine respectively with nitronium tetrafluoroborate [39. 40d] : 


no*, Y** R— x— R 



Y = PF 6 . BF 4 
X = O.S;R = Alkyl. II 



The nitroxonium and nitropyridinium (or nitrocollidinium) ions are efficient 
nitrating agents. They also can form 0-nitro compounds. 

Nitronium hexafluorophosphate (NO* PF7) is also a strong nitrating agent 
according to Olah and Lin [40b]. It can nitrate alkanes at 25°C to a small 
yield of mtro compounds (2-5% for ethane to butane). Nitronium tetrafluoro- 
borate in fluorosulphuric acid (FS0 3 H) possesses strong nitrating properties. It 
can nitrate m-dinitrobenzene to s^m-trinitrobenzene with a yield of 66% [40c | . 

Among the salts of nitronium ions a very active nitrating agent is nitronium 
trifluoromethyl sulphate (NO* CF 3 S07) as already mentioned [16] . 

Nagakura and Tanaka [41] explained a great reactivity of N0 2 4 by calculat- 
ing its lowest vacant orbital and the highest occupied orbital of benzene. The 
figures are —1 1.0 and —9.24 eV respectively. Other electrophilic reagents, such 
as Br* and Cl* are less reactive. They gave values of — 1 1.8 and —13.0 eV res- 
pectively. 

Nitronium salts are usually applied in an aprotic solvent [35] . Such is tetra- 
methylene sulphone (‘Sulfolan’) used by Olah [40]. However, Giaccio and 
Marcus [42] suggested acetic acid as a solvent. This, however, reacts with 
nitronium tetrafluoroborate on standing at room temperature to yield acetyl 
nitrate: 


< n, room no/ hi * < ii,< oono, * in ♦ hi ( 11 ) 

The nitrating action of acetyl nitrate differs from that of nitronium tetra- 
fluoroborate [40] . Also the stability of acetyl nitrate is not satisfactory. 

Dinitrogen Pentoxide (N^Os) (Vol. I, p. 105) 

Dinitrogen pentoxide (nitric anhydride) can be a source of the nitronium ion. 
As previously mentioned Titov suggested (Vol. 1, p. 106) that dinitrogen pent- 
oxide undergoes a heterolytic dissociation: 

n,o, no/ + N<)7 (12) 

The infra-red bands of the ionic form at liquid nitrogen temperature have 
been examined by Teranishi and Decius [43] and substantiated by Hisatsune 
and co-workers [44] who also examined Raman spectra. They found a tempera- 
ture dependence of the structure of solid N 2 0 5 which changed the covalent 
structure 0 2 N — O— N0 2 into ionic at temperatures from —175° to — 80°C. 
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The covalent structure is characterized by a bent of the central N — O — N group. 

Dinitrogen pentoxide readily forms nitronium salts. As mentioned, Weber 
(27) and other authors [28-31] obtained a number of sulphates of NO*. 
Bachman and Dever [45] prepared a complex with BF 3 which most likely 
possesses the structure N0 2 + BF 3 ONOf. Kuhn and Olah [33] obtained nitro- 
nium tetrafiuoroborate by adding anhydrous HF as a solvent to N 2 0 5 and BF 3 : 


NjOj + HF + Bl , 


NO, f BF 4 ♦ UNO,. 


(13) 


T. Urbahski used N 2 0 5 in vapour phase or in a solution in nitric acid to 
nitrate cellulose (Vol. II, p. 348) and starch (Vol. II, p. 430). 

N 2 O s was successfully used by Schollkopf and associates [46] to nitrate ali- 
phatic diazocompounds to obtain eventually nitrodiazomethane [46b] and 
dinitrodiazomethane [46c]. As the first step esters of diazoacctic acid were 
nitrated with half a mole of N 2 0 5 in carbon tetrachloride at -20 to 30°C: 


2N, ■ Cl l COOK ♦ N,0, 


c<i 4 


COOR + 0 2 NCIIj CCX)K 


(R * C a H| or ter-C 4 H«) 


(14) 


■COOK ‘J^i! N, 


C M ► < (>, + ROM 
NO, 


Nitrodiazoester (I) is relatively acid-stable, but the COOR group can be 
cleaved off by acting with trifiuoroacetic acid in ether to obtain nitrodiazo- 
methane (II) 0 2 N-CH N* m.p. 55°C. It is a substance which is sensitive to 
impact and explodes on heating. 

Nitrodiazomethane was nitrated [46c] with N 2 0 5 in dichloromethane at 
-30°C to yield dinitrodiazomethane (III) and a nitromethyl nitrate ester (IV) 


2 CH — 


NO, + N,0* 


C“ - NO, + 0,N 0 
NO, 


(15) 


III is an explosive substance with m.p. 65°C (with decomposition). 

N 2 0 5 possesses marked oxidizing properties [47]: a small yield of C0 2 was 
formed by acting with N 2 0 5 on CO. Baryshnikova and Titov [123] have found 
an interesting reaction of N 2 0 5 on aromatic compounds which consists in both 
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nitration and oxidation. Thus chlorobenzene was transformed into chloronitro- 
phenols. 

Dinitrogen Tetroxide and Nitrogen Dioxide (Vol. I, p. 90) 

The increasing importance of dinitrogen tetroxide brought to light a number 
of new facts on the properties of the substance. 

Some physical constants are [1 ] : 

freezing point —1 1 .2°C 
b.p. 21.15°C 

density 1.470-1.515 g/cm 3 between +10° and -10 C 
viscosity 0.468-0.599 cP between +10° and — 10°C 
dielectric constant 2.42 
surface tension 26.5 dyn/cm at 20 C 
specific conductivity 10"' 2 ohm" 1 cm' 1 . 

An extensive review of the properties of dinitrogen tetroxide has been given 
by Riebsomer [47] . The addition of N 2 0 4 to olefins was reviewed by Shechter 
[48] and free radical reactions of N0 2 by Sosnovsky [48a] . 

The N— N bond in dinitrogen tetroxide can readily be split above room 
temperature. The case of breaking N— N bond is due to its low enthalpy: 
-A// of N-N in N 2 0 4 is 14.6 keal/mol and similarly in N 2 0 3 is 10.2 kcal/ 
mol. [49] . 

The N— N bond is mainly a in-nature, not of pure rr character according to 
Green and Linnett [50] . This was based on a calculation by LCAO MO method 
and was contradictory to earlier views. The bond N — N seems to be of an un- 
usual kind, not fully understood, as the two N0 2 units do not rotate with res- 
pect to each other in spite of the length of the bond. 

The views of Green and Linnett were subjected to criticism by R. D. Brown 
and Harcourt [113]. The latter pointed out that Green and Linnett had over- 
looked the significant effect of o-electron delocalization upon N— N and N— C 
bonds. Brown and Harcourt proposed a new electronic structure with ‘o + n' 
model. 

A review recently appeared [126] on the spectrum of N0 2 in gas phase. 
The spectrum is rich and complex and was examined by modern techniques. The 
study is outside the scope of the present book. 

N 2 0 4 is miscible with many organic liquids and is a solvent of many solid 
organic substances. 

Ammonium nitrate is insoluble in N 2 0 4 but alkylammonium nitrates dissolve 
readily [1]. 

Nitrogen dioxide at high temperature ( ca . 620°C) was subjected to homo- 
lytic dissociation into nitric oxide and oxygen atom. The same occurred upon 
irradiation with 3 1 3 and 3 1 6 nm light [51,52]. 
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The heterolytic dissociation can be represented in two ways: 


n,0 4 


NO, + NO, 


N,0« NO + + NO," 

■nd there is also an irreversible heterolytic oxygen exchange: 


no, + no, — - NO + ♦ Nor. ( 18 ) 

However the species N0 2 + and NOr have not J>een identified as free ions in 
quid N 2 0 4 . They exist as the ion pair [N0 2 + NOr I . In the presence of an elec- 
ron-pair acceptor, complexes are formed which contain the nitronium ion. 

is happens in the presence of Lewis acid halides used for the first time (A1C1 3 ) 
y Schaarschmid (Vol. I, p. 103). Boron trifiuoride reacts with N 2 0 4 to form 
O4.BF3 [53>, 54] and N 2 0 4 .2BF 3 . Their structures were suggested as being 
0 2 BF 3 N0 2 and NO^ [N(OBF 3 ) 2 ] respectively. These complexes possess 
nly a moderate nitrating ability, a fact which casts some doubt on whether they 
scss the structure with nitronium ion. It is known that N 2 0 4 in nitric acid is 
iost fully ionized into NO + and NOJ". In view of the absence of NO* the 
rnplex N 2 0 4 . BF 3 may have the structure of a nitrosonium salt NO* BF 3 
deed it shows an ability to nitrosate and to diazotize (53] and spectroscopic 
amination [56] showed only a relatively weak band at 1400 cm' 1 2 and a strong 
e at ca. 2340 cm" 1 . 

It is suggested (40] that an equilibrium exists between nitronium and nitros- 
lum forms of the complex N 2 0 4 . BF 3 i.e. 




NO, + (BE, NO, | 


NO* (Bl , NO, | 


(19) 


A solution N 2 0 4 + HF should be considered as a potential nitrating agent 

7|. V. 

Dinitrogen tetroxide can give additional complexes with compounds possess- 
an ether bond. They were examined by Shechter et al. and described in his 
ew paper [48] . 

Here are the most important of the compounds: 


1. 2(C 2 H s ) 2 0 • N 2 0 4 

2. 2(C 5 H l0 O) • N 2 0 4 
(Tetrahydropyren) 

p. C 4 H 8 0-N 2 0 4 
2C 4 H 8 0N 2 0 4 
(Tetrahydrofurane) 


m.p. — 74.8 C 
m.p. — 56.8°C 

m.p. — 20.5°C 
m.p. (indefinite) 


0(CH 2 CH 2 ) 2 0 • N 2 0 4 m.p. +45.2° C 
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Davies and C. B. Thomas (58] reported an interesting instance of nitration of 
arylthallium (III) aromatic complexes with nitrogen dioxide at room tempera- 
ture. Tallium (III) fluoroacetate was used as the agent metallating an aromatic 
ring which can react with N0 2 : 

AlkC«ll« THOOCCF,), ^i-AlkC.ILNO,. (20) 

A remarkable feature of the reaction is the high proportion of p-nitro products. 
More details are given in the chapter on the nitration of toluene. 

Dinitrogen tetroxide in vapour phase can be used as an energetic nitrating 
agent (Vol. I, pp. 92-105). The nitration of aromatics can be facilitated by 
irradiation with ultraviolet light. The claim of Gorislavets (Vol. 1, p. 105) was 
substantiated by Bunbury (59] . 

As far as nitration with liquid N 2 0 4 is concerned, attention should be paid to 
the danger of keeping solutions of alkanes with N 2 0 4 . 

T. Urbanski and Falqcki (60] reported a spontaneous explosion when a solu- 
tion of N 2 0 4 in n-alkanes was kept for a few days at room temperature. This 
was most likely a consequence of the formation of branched reaction chains 
through free radicals. 

In addition to the use of dinitrogen tetroxide as an oxidizer in rocket pro- 
pellant systems, and as a potential nitrating agent is is also used as a cooling 
liquid in nuclear energy reactors under the name of ‘Nitrin' (61). 

Dinitrogen Tetroxide- Nitric Acid 

The two liquids: HN0 3 and N 2 0 4 are not miscible in all proportions. At 
room temperature (20°C) an immiscibility region extends between ca. 54 and 
92 wt% of N 2 0 4 . The critical solution temperature is 60.9°C at a composition 
68.2 wt% N 2 0 4 . The phase diagram is shown in Fig. 4 (62, 63] . 

A solid compound (HN0 3 ) 2 N 2 0 4 exists.it contains 42.29MH 2 0 4 . It gives an 
eutectic m.p. -65°C at 25.6% N 2 0 4 (64]. The compound gives maximum 
values of density and viscosity [65]. Spectroscopic examination shows [1] that 
the species present in HN0 3 -N 2 0 4 mixtures are as follows: 

NO*, N0 2 + , NOr, H 2 0, HN0 3 , N0 2 , N 2 0 4 . 

The mixtures HN0 3 -N 2 0 4 are highly corrosive and attack metals (steel, 
aluminium or chromium, nickel). Corrosion can be inhibited by the addition of 
fluorine compounds, notably HF or PF 6 (1]. The addition of 0.7 wt% of HF 
reduces the corrosion by a factor over 100 and the mixture of 44% N 2 0 4 and 
56% HN0 3 with 0.7- 1.0% HF termed ‘standard HDA’ is in current use as a 
rocket oxidant fuel. 

When HF is added to the nitric acid-dinitrogen tetroxide mixture, the follow- 
ing are reactions: 
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Liquid phase 

♦ solid N,0 4 -2HNO, 


FIG. 4. Phase system HNO J + N 2 0 4 . (C. C. Addison 1 1 ) . reproduced with 
permission of the American Chemical Society). 


2HF+HNO, - 

— NO, 4 ♦ II, O f ♦ 2F" 

(21a) 

HF + F" — - 

• HFJ" 

(21b) 

N,0 4 + IIF - 

— NOF ♦ UNO, 

(21c) 

NOF+ H,0 4 

— ► NO* ♦ HF + H,0 

(21d) 


In the presence of sulphuric acid N 2 0 4 reacts as follows (Vol. 1, p. 102): 

N,0 4 + 3H,S0 4 NO, 4 + NO 4 + HjO + + 3HS0 4 . (22) 
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FRIEDEL-CRAFTS NITRATING AGENTS (Vol. I, p. 103) 

The use of Friedel-Crafts catalysts in nitrating systems was originally sug- 
gested by Schaarschmidt (Vol. I, p. 103) and Topchiev (Vol. 1. p. 46). Currently 
i, is related to the concept of 'Superacids' [66, 671 . The temi “superacid refers to 
acid systems which show acidity stronger than 100% sulphuric acid function H„ 
[68] lower than -10.60. A superacid is usually formed by Lewis Acid and a 

"“as' already pointed out N,0, can form complexes such as BF, with Friedel- 
Crafts catalyst. 

Most mixtures of Friedel-Crafts catalysts are non-homogeneous. However, 
Olah (37) has found that a homogeneous system can be obtained with TiCl 4 , 
BF,. PF S and AsF 5 while using tetramethylene sulphone ‘Sulfolan’ as a solvent. 
Nitronium fluoride or chloride can then be formed, e.g. 


2Nj 0 4 + TiCl 4 


NO,CI + 2NOC1 + TiOj. 


(23) 


Olah [33, 40) drew attention to a number of nitrating agents, such as 
nitronium halides (usually referred to as nitryl halides): NO a X (X = F, Cl, Br). 
Nitronium chloride and fluoride were reported as nitrating agents in Vol. 1, pp. 
58. 107; Vol. II, p. 355 and Vol. I, p. 109 respectively. Nitronium chloride is 
usually prepared by reacting nitric acid with chlorosulphonic acid (69) . Nitronium 
bromide is unstable and was not isolated (33, 40). According to Aynsley, 
Heatherington and Robinson (Vol. 1, p. 109) nitronium fluoride is a more 
powerful nitrating agent than nitronium chloride. Infra red and Raman spectra 

of nitronium fluoride were examined (70) . 

Nitronium halides should be regarded as acyl halides and are able to take part 
in Friedel-Crafts acylation, which in this case is nitration, according to scheme: 

Aril + NO,X — Ar NO, + HX. (24) 

In the presence of aluminium halides nitronium halides react forming com- 
plex nitronium salts [33, 40) : 

NO,X + A1X, NO, 4 AIXT ( 2S ) 


Solid Superacid Catalysts 

Olah (40c) has drawn attention to the fact that the first solid acid catalyst 
was suggested by Kameo, Nishimura and Manabe (71). They used polystyrene- 
sulphonic acid with nitric acid, but the system was unstable, as the catalyst was 
degraded by the strong acid. Olah and associates (72) developed a nitrating 
agent from n-butyl nitrate and acetone cyanohydrine nitrate by adding a per- 


This was substantiated by Raman spectroscopy and cryometry. 
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fluorinated resincsulphonic acid (nafion-H). It provides an exceptionally clean 
way of preparing nitroaromatic compounds. Nitro compounds can be isolated by 
a simple filtration of the catalyst, without the need of any aqueous basic washing 
or workup. All by-products are removed during the reaction, as they are volatile. 
By way of azeotropic removal of water, the nitration can be brought to a very 
high yield. 

ALKYL NITRATES AND BORON TRIFLUORIDE 

Alkyl nitrates in sulphuric acid have already been used as nitrating agents 
(Vol. I, p. 122). Poly(phosphoric) acid [73] and Lewis acid halides [74-76) 
were also used with alkyl nitrates. Olah and Lin [77) nitrated a number of 
aromatic compounds with methyl nitrate and BF 3 in nitromethane solution. 
Only mononitration took place. 

Spectroscopic examination of the nitrating solutions (infra red and Raman 
spectroscopy) did not show the presence of a detectable concentration of NO* 
ion. This does not exclude the possibility of nitrating aromatics (as has already 
been discussed pp. 23-24). Either the system NO* BFi" or a polarized complex 
CH 3 0N0 2 — ►BF 3 is the nitrating agent. 

Narang and M. J. Thompson [78) suggested using acetonccyanhydrine 
nitrate (ACN) and BF 3 as a nitrating agent. Olah and co-workers 

[124) reported recently that aromatic compounds can be nitrated with silver 
nitrate in acetonitrile solution in the presence of boron trinuoride at 25°C. With 
p-xylene the yield is up to 91% of mononitro compound. (See also Vol. I, p. 46). 

NITRIC ACID AND MERCURY SALTS (Vol. I. p. 1 10) 

Among different metal salts catalysing the nitration of aromatic systems, mer- 
cury salts occupy an exceptional position (perhaps tallium would also play a 
certain part, see p. 27). 

A review on mercuric salts in nitration was given by Titov and Laptev [79|. 
Japanese authors: Tsutsumi and Iwata [80|, Osawa and co-workers [81] have 
lound that mercuric oxide and mercuric nitrate were catalysts of nitration with 
nitric acid. Komoto and co-workers [82) found that mercuric acetate catalysed 
nitration of toluene with nitric and acetic acid at 80°C. 

Stock and T. L. Wright [83) came to the conclusion that nitration occurred 
in three steps: 

(1) mercuration, 

(2) nitrosodemercuration by the nitrosonium ion (NO*) which exists in the 
nitrating mixture and is more energetic than the nitronium ion (NO* ) 
which does not produce the demercuration and only deprotonation, 

(3) oxidation of the nitroso to nitro compound. 
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This can be depicted by a scheme established for toluene: 


CH, C.H, + Hg(OAc), 


CH| C. II, Hg(OAc)+ HOAc 

|nO + (demercuration) 
CH, C 6 H 4 NO + HgOAc + 


CH, C 4 H 4 NO 4 II NO, 


CH, C 4 II 4 NO, + UNO,. 


Inorganic Nitrate Salts and Trifluoroacetic Acid (Vol. I, p. 46) 

Nitric acid salts in the presence of other acids have been previously described 
(Vol. I, p. 46). It was recently reported by Crivello [125) that metal nitrates in 
trifluoroacetic anhydride (TFAA) can nitrate aromatic compounds at room 
temperature in very good yields. Thus ammonium nitrate with TFAA nitrated 
benzene to nitrobenzene with a yield of 95%. 


NITROUS ACID (Vol. I. p. 116) 

Dinitrogcn trioxidc (nitrous anhydride) was found to have m.p. -100.7°C 
[84). Its structure V** was confirmed by Anderson and Mason [84) through 
N 14 NMR examination. 3 

Nitration with nitrous acid can proceed in three ways: 

(1 ) through the addition to double bonds (Schechter [48) ), 

(2) through the nitrosation which is the first step of the reaction followed by 
the oxidation of the nitroso product, 

(3) through the formation of nitric acid from the nitrogen dioxide built 
from nitrous acid: 


MONO 


N,0, — -NO+NO, -^i-2NO,. 


(29) 


Hie known reaction of N0 2 with water yields equimolar proportions of I IN0 3 
and HN0 2 . The latter can again furnish N0 2 according to (29) and finally N0 2 * 
according to (5a) and (5b). 

Nitrous salts in strong acids are subjected to dissociation with the formation 
of nitrosonium ion NO*: 


H0NQ4 II, O' 


NO + + 2H,0. 


(30) 


The nitrosonium ion can be subjected to oxidation with the release of N0 2 
and further formation of HN0 3 and HN0 2 . 

The presence of nitrosonium ion has been spectroscopically established by 
Singer and Vamplew (85) in aqueous (58%) perchloric acid. It showed strong 
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bands 260 and 420 nm, and molecular HONO gave weak maxima of 340 and 
390 nm. The equilibrium constant of the reaction (30) was determined by 
Turney and Wright [86] . 

It was stated by T. Urbanski and Kutkiewicz [9] that 8-hydroxyquinoline 
could be nitrated by boiling with a dilute ( ca . 0.3%) solution of NaNOj in 10% 
hydrochloric acid to yield 5, 7-dinitro-8-hydroxy quinoline. If the reaction passes 
through the nitrosation it cannot give a dinitro product, as the nitrosation can 
introduce only one nitroso group. Still more convincing is the fact the 8-hy- 
droxy-5-nitroquinoline when heated to ca. 90 °C with ca. 0.4% solution of 
sodium nitrite in 10% hydrochloric acid produced 5,7-dinitro-8-hydroxyquino- 
line with 60% yield. It is known that a mononitrophenol (and thus the 8-hy- 
droxy-5-nitroquinoline) cannot be nitrosated. Subsequently the formation of the 
dinitro compound is the result of nitric acid formed from N0 2 and yielding 
N0 2 + according to the scheme rationalized already - reactions (5a) and (5b) 
(p. 24). 

The view that the nitration of phenol is inconsistent with the commonly 
accepted prior nitrosation scheme was also expressed by Ross and co-workers 
[87] . 

A few more examples of nitration by nitrous acid should be mentioned: the 
nitration of m-fluoroW-dimethylaniline [88] , nitration of phenothiazine-3 [89] 
and phcnothiazine-5-oxide [90] . They also should be rationalized by formulae 
(5a) and (5b). 

Recently Olah and associates [91], [40c] obtained S- and A^-nitrito onium 
ion salts (3 1 ) and (32), and found them to be electrophilic nitrating agents: 


CHj CH, 


NO* 


ONO 


sK 

CH, CH, 


(31) 


NO* 


(32) 


The addition of N 2 0 3 to a double bond C=C was given in Vol. 1, p. 96. 
Recently Hauff, Traillon and Perrot [92] described the addition of nitrous an- 
hydride to a, 0 -unsaturated ketones of the chalcone type to yield pseudomtro- 
sites, which were reduced with Li Al H 4 to a number of amines. 
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NITROSYL CHLORIDE 

Nitrosyl chloride, NOC1 (b.p. -5.5°C, m.p. -64.5°C) is the acid chloride of 
nitrous acid. As is known, it is evolved from ‘aqua regia’ together with chlorine 
and can be formed from NO and chlorine in the presence of charcoal as a cata- 
lyst at 40-50°C. 

Nitrosyl chloride can be added to a double bond to yield dichlorides, di- 
chloronitroso compounds and also chloronitro compounds of the type 
Cl— C— fc— N0 2 through the secondary reaction of oxidation [1 14-117]. 

NITRATE ESTERS IN ALKALINE MEDIUM (Vol. I, p. 122) 

The nitration of active methylene compounds by the action of nitrate esters 
under basic conditions is a general and convenient method for introducing a 
nitro group in a-position to the activated group. The pioneering work of Thiele 
[93] and Wislicenus [94] should be added to the previously (Vol. I) mentioned 
papers. Also the work of Wieland and associates [95] should be mentioned as 
producing the dipotassium salt of dinitro cyclic ketones, according to equation 
(33): 



The authors claimed 75% yield, but Feuer and co-workers [96] obtained only 
10% yield with the formation of tarry by-products. They also carried out a ring 
opening reaction which is already known [97] 

Br Br 

2K * — ► 0,N— C— (CH,) a — C-NO, (34) 

KOH/HjO I | 

Br Br 

Komblum [98] reviewed earlier papers on the nitration of ketones and 
nitriles. 

Feuer [99] carried out a considerable amount of work on nitration with 
nitrate esters and introduced a number of improvements. The basic features of 
his method consist in: 

(a) using a st-onger base than potassium ethoxide, 

(b) using an aprotic solvent. 

Thus he reacted on compounds with an active methylene group with a basic 
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reagent such as sodium or potassium amide and liquid ammonia as a solvent. He 
summarized his earlier work in a review paper [99] . 

A few examples should be mentioned here. Feuer and co-workers [100] 
nitrated cyclopentanone, hexanone and heptanone with an excess of amylnitrate 
(3-3.5 eqv.) in the presence of potassium amide (3-3.5 eqv.) in liquid 
ammonia at -33°C obtained dinitro-dipotassium salts of the type as in equation 
(33) with yields of 94, 94.5 and 85% respectively. With 2 eqv. of alkyl nitrate 
and 1 eqv. of KNH 2 mononitration occurred with a simultaneous ring opening 
to co-nit rocarboxy lie ester [100, 101] : 



1. KNII, 
RONO, 

2. CHjCOOH 



(35) 


In the case of cyclooctanone the yields were: 60% mononitropotassium salt 
and 21% nitroester. 

While experimenting with esters of the homologues of acetic acid RCH 2 COO. 
C 2 I1 5 with the same nitrating agent Feuer and Monter [102] obtained not only 
the nitro product RCHCOOC 2 H, but also nitroalkanes of the type RCH 2 N0 2 

N0 2 

sometimes with a high yield (48% when R = C 6 H 5 )• If R = 0 2 N( 6 IIs, the 
nitration does not take place due to the high acidity of the nitrated compound. 

An interesting application of the method of nitration of active methylene 
group is the nitration of methyl group in a- and 7-picoline [103], for example: 



NiNUj , NH,liq 
PrONO, 

CM, 



( 92 %) 



(5K".) 


H’ M) * (36) 


This should be rationalized (according to the author of the present book) in 
terms of the reactivity of tautomeric forms of a- and 7-picolins: 
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Also Feuer and Friedman [1041 in a similar way obtained phenylnitro- 
methane derivatives with a yield of 40-55% by experimenting with amyl nitrate 
and KNHj in liquid ammonia at — 33°C on o - and p-substituted toluene 
RC,sH 4CH3, on condition that the substituent is an electron attracting group, 
for example R = CN, S0 2 C 6 H 5 etc. 

The same method of nitration was used to nitrate compounds with active 
CH groups: arylidene [105) and aldimines [1061 compounds of the struc- 
ture RCH = N NH C 6 H 5 and RN = CH CHjR respectively. Nitrocompounds 
RC = N NH C,H S (yield 91%) RN = C CH : R (yield 40 70%) respectively were 

I*JOj J NO, 

obtained. 

Feuer and co-workers [107] obtained nitroalkylphosphonate esters. 

R CH P (O) (ORh from the alkylesters R CH 2 P(OXOR) 2 by using a modifi- 

N0 2 

cation of his method while potassium amide in liquid ammonia proved to be 
unsuitable to nitrate. More energetic agents, such as butyllithium in THF or Li- 
diisopropylamide in THF were applied at -60°C and gave a yield of 27- 41%. 

Recently, Petrov and co-workers also (121, 122] published a number ot 
papers on the nitration of active methylene groups with nitrate esters. 


ALIPHATIC NITRO COMPOUNDS 


Tetranitromethane (TNM) continued being used as a nitrating agent. An ex- 
tensive review of the properties of TNM including nitration was given by Pcrc- 
kalin and Altukhov [ 1 1 8] . The property of TNM as a nitrating agent is based on 
the fact that one of the four nitro groups of this compound can readily be split 
off. The properties of TNM are described in Chapter VIII. 

Penczek. Jagur-Grodzinski and Szwarc [1081 described the mechanism of the 
nitration of 1 ,1-diphenylethylene with tetranitromethane. As the first step an 
undefined charge-transfer complex (CT) is formed which dissociates into ions 
reacting to yield 1 ,1 -diphenyl-2-nitroethyIenc: 

(C II, ), ( “ CM, + C(NO,) 4 (CT) — » <c II,), C + CM: NO, + ^ 

(NO, ), CT — ► (C II, h C = CH NO, * (NO, ),CII. 


Sitzman. Kaplan and Angers [109] used fiuorotrinitromethane [110] to 
nitrate the methyl group in 2,4,6-trinitrotoluene. The reaction was carried out in 
ca. 14% aqueous NaOH at 0 5°C followed by quenching with hydrochloric 
acid: 
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NITRAMINES (Vol. I, p. 125) 

Nitroguanidine in sulphuric acid has been found to be a nitrating agent. T. 
Urbariski and Zyiowski [111] extended this observation to other nitramines, 
such as nitrourea, dimethyldinitroxamide and cyclonite. They nitrated anthra- 
quinone dissolved in sulphuric acid by adding nitramines to the solution at room 
temperature and keeping the solution for a few hours. With cyclonite and 
dimethyldinitrooxamide the yield of 1,5-dinitroanthraquinone was 34 and 77% 
respectively. When nitroguanidine and nitrourea were used, the solution was 
heated to 100-1 20° C and the yield of the dinitro derivative was 67%. 

The reaction suggested the formation of the nitronium ion: 

R n r v 

N NO, — - N~ + NO, + . (39) 

R r' 


Nitration with cyclonite in sulphuric acid confirms the suggestion of Sime- 
dek (Vol. Ill, p. 81) that the decomposition of cyclonite in sulphuric acid yields 
nitronium ions. 
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CHAPTER 2 


NITRATION OF AROMATIC 

SYSTEMS 

A considerable number of excellent monographs and review pape " *** 
published on the nitration of aromatic systems and all references can be found 
therein 1 1 -8] . Only main outlines will be given here. 

It is now generally accepted that, the nitration of aromat.es 
wise A stepwise process of substitution (known now as electrophilic subst.tu- 
Tn) was first suited in 190, by Lapworth [91 then by ^ a"d^nge 
[101, Melander (Vol. I, p. 38) but only later the idea was rationalized by 
number of authors almost simultaneously due to the advent of spectroscopy 
improvements of preparatory methods of new reagents^ 

A reference should be made to the paper by Nagakura and Tanaka [Hi on 
the calculated reactivity of the ni.ronium ion NO+ and aromatic hydrocarbons. 

They suggested the formation: 

1 . of an aromatic cation which is a n complex, 

2. Wheland transition state with the formation of a a complex. 

This can be depicted at present by scheme ( 1 ): 



Complex I Wheland Complex II 

complex 


A simplified energy diagram is presented in Fig 5 based on that of ^Olah and 
associates [12, 13] . In a similar way R. D. Brown [14[ considered that an elec 
trophilic substitution begins by the formation of unstable charge- ^transfei . com- 
Dlexes R Taylor [15] observed anomalously high and solvent dependent o/p 

or biphe^rl -d it ,h» . 

NO + and biphenyl is formed initially and rearranges to a more *^ o<omplex 
at the ortho position of one of the aromatic rings of biphenyl. The final exper 
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FIG. 5. Simplified energy duigram of the nitration of aromatics with nitronium ion 


mental proof for stable Wheland o- complexes being formed as intermediates of 
the nitration was given by Olah and co-workers [12] when they isolated benzal- 
trifluoride-nitronium boron tetrafluoride 



by acting on benzaltrinuoride (C 6 H S CF 3 ) with nitronium fluoride (N0 2 F)and 
boron trinuoride at -120° to -100°C, a yellow coloured complex stable up to 
50° C resulted. Olah and associates [13] pointed out that the Wheland struc- 
ture is not a transition state (as o complexes) but a relatively stable intermediate. 

Recently Fujiwara and co-workers [16] found that the nitration of N.N- 
dimethyl-p-toluidine in 70-77% sulphuric acid proceeds by a formation of the 
a complex through the rpso-attack (on rpso-nitration see p. 50) and after that 
the ion is rearranged to the nitro compound (2): 
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♦ ♦ ♦ 


N(CHj)j H N(CHj)j N(CH,)jH 



a complex 

Ridd considered that the amino group in the nitrated compound stabilizes the 
o-complex. 

INFLUENCE OF SUBSTITUENTS ON NITRATION 

Very important from both theoretical and practical points of view were 
experiments on the influence of substituents on the rate and the yield of nitra- 
tion. For that purpose the method of competitive nitration was used. It was 
originally developed by Wibaut [17] to study the rate of nitration with nitric 
acid-acetic anhydride of toluene, chlorobenzene and bromobenzene in relation 
to benzene. The experiments established a higher rate of nitration of toluene and 
a lower rate of chloro- and bromobenzene: 

C 6 H 5 CH, >C 6 H 6 >C 6 H 5 Cl>C 6 H 5 Br. 

Thus it was stated that the methyl group activates the aromatic ring, whereas 
chloride and bromine deactivate it. 

The method of competitive nitration was extensively used by Ingold and co- 
workers [18] and by a number of other authors. Very spectacular are the results 
of the relative rates of nitration of benzene and toluene obtained by Cohn and 
co-workers [19]. The nitration was carried out with nitric acid in r.itromethane. 
They gave relative reactivities of each position of toluene: 



Thus the relative rate of the substitution of toluene is 24.0 (benzene being 
postulated as 1 .0). 

The following is an example of the calculation of ‘partial rate factors". 

The rate constant of the substitution of toluene * T is: kj = 2 k 0 + 2 k m + k p . 
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where k Q and k m are the rate constants of one of the o- and m -positions respec- 
tively and k p the tale constant of the p- position. If the rate constant of one of 
,he positions of benzene is k b . the total rate constant of benzene *„ is equal to 
6*^. From this can be written: 

= (2k 0 + 2k m + k p )/6k b = 24. (4) 

*B 

The fraction of each isomer, for example the rate at the ortho position rela- 
tive to the total rate of the substituted benzene can be calculated . 

fraction of o-product = 2k 0 l(2k 0 + 2 k m + k p ) = ^ —= 0.565. (5) 

From equations (4) and (5) the rate of nitration can be calculated of a single 
position in toluene to that of in benzene: 

2* 0 + 2A m +* P = 144*/, (6a) 

and 

». + 2* m +*„= ^§5. (6b) 

hence: 

,44 *»-Sfe (6c) 

and 

*o = 41 < 6d > 

The value kjk h is called partial rate factor in ortho substitutions and ex- 
pressed now by symbol f Q or o f . Similarly the partial rate factors for the other 
positions in toluene can be calculated: 

for meta positions f m or my = k m /kb = 2.5, ( 7 ) 

for para position f p or py = k p /k b = 58 (8) 


Bird and Ingold [20] have given the following comparative figures for the 
nitration of toluene and chlorobenzene with nitric acid in nitromethane at 
25°C Table 11. 

For partial rate factors of different hydrocarbons and under different nitra- 
tion conditions see [4] . 

The figures of the rate constants k for the reactions of m- andp-substituted 
benzene derivatives have been taken for Hammett equation [21 ] : 
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TABLE 11. Isomer distribution and partial rate factors of the nitration 

of toluene and chlorobenzene 



Relative 
rates k/kf, 

% Isomer distribution 

Partial rate factors 


o 

m 

P 

°f 

ntf 

Pf 

Toluene 

Chlorobenzene 

21 

0.031 

61.7 

29.6 

1.9 

0.9 

36.4 

69.5 

38.9 

0.028 

1.3 

0.00084 

45.8 

0.130 


log*/* B = po 


(9) 


where: 


p is the measure of the sensitivity of the substance to ring substitution 
p = 1 in benzoic acid, 
a is characteristic to the substituent. 

For nitration p = —6.0 

A plot of log */*b against o was given by Stock [22] and reproduced here - 
Fig. 6. 

A particular instance of nitration is ipso-n\\ ration. 

IPSO-NITRATION 

The aromatic electrophilic substitution is usually represented by replacing a 
hydrogen atom with an electrophilic agent. However it was recently shown that 
the electrophilic attack is not restricted to aromatic carbon bonded with hydro- 
gen. This is the case in ipjonitration where the attack occurs at a substituted 
aromatic ring carbon. The rpjo-reaction was placed in focus by Perrin and Skin- 
ner [23) in 1971 and two excellent review papers appeared on the subject: by 
Myhre [24) and by Hahn and associates [25). 

A general trend of /pso-nitration can be depicted by scheme (10): 


Ar R + NO+OH 




♦ Oil 


NO, 


( 10 ) 


/put ion 

(Nitroarenium ion) 


The reaction is characterized by its reversibility. The ipso ion is able to further 
react and can be used as a valuable intermediate. By using the rate data existing 
in the literature [26) Myhre [24) calculated the partial rate factors of the 
nitration of toluene as shown in formula 1. Fischer and Wright [27) : they found 
that the nitration of toluene at low temperature with acetic acid-acetic an- 



FIG. 6. Log */*b against 0* according to Stock [221 . 
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hydride-nitric acid solution in ipso position is more than twice faster than in 
meta position: 



Thus, surprisingly enough, position 1 is more reactive than meta. 

While reacting-p-halogenotoluenes (I) with nitric acid -acetic anhydride at 
— 40°C Fischer and co-workers [28] obtained two isomers: ortho II and para III 
of nitrocyclohexandienylacetates. In the instance of X = F, the overall yield was 

100% and the ratio o/p = 25/75. 



( 11 ) 


On warming to -20°C both isomers were converted to 4-methyl-4-nitrocycla- 
hexa-2,5-dienone (IV). Barnes and associates [29] reported that they prepared 
several 4-alkyl-4-nitrocyclohexa-2,5-dienones in good yield up to 85% by low 
temperature -40° to 0°C nitration of the appropriate 4-alkylphenylacetates 
with 90% nitric acid or acetyl nitrate in acetic anhydride. 

Nitration of a number of 4-substituted toluenes with a formation of ipso- 
compounds, their transformation and Hammett equation for rpso-nitration was 
also described [30] . 

The transformation of rpso-products leading to different compounds was 
summarized by Galley and Hahn [31]. The nitroarenium ion cyclohexadienyl 
cation (V) derived from ipso attack can undergo the reactions: 

(1) dealkylation [32], 


(2) nitro group migration, followed by deprotonation [33, 34] , 

(3) nucleophilic trapping which may be followed by HN0 2 elimination 
[35] (12). 



The formation of acetoxy compounds VII which was originally thought to be 
a result of electrophilic substitution [36] has been shown to occur as an addi- 
tion elimination reaction through the rpso-attack [37]. The formation of 
cyclohexadienyl derivatives of type VI provide a rational explanation of some 
non-conventional aromatic substitutions [38] . 

Recently Myhre and co-workers [39, 40] described the nitration of a number 
of 4-alkylphenol acetates to yield 4-alkyl-4-cyclahexadienones. Reduction of 
these dienones with sodium borohydride gave 4-alkyl-nitrocyclohexadienols 
which can be converted to nitrophenols. Here an interesting intramolecular 
migration of a hydroxyl group was recorded [39] : 



(13) 


The influence of the temperature of nitration of 4-alkyl-phenol acetates was 
examined by the same authors [40] and simultaneously and independently by 
Schofield and associates [41] . The latter examined the thermal migration of the 
nitro group: 
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Ac a O 

-40°-0°C 


f+)J 


— Ac 


N»BH 4 

-10°C 


\ 


I 


H OH 


R. NO, 


( 14 ) 


An interesting reaction of the nitration of 1 ,2-dimethyl-4-nitrobenzene in a 
mixture of nitric acid with trifluoroacetic anhydride was reported by Fischer 
and Iyer [42] . 4,5-Dimethyl-2,4-dinitrocyclohexa-2,5-dienyI acetate was ori- 
ginally formed. It reacted with nucleophiles, such as NO^ to yield eventually 
1 ,2-dimethyl-4, 5-dinitrobenzene: 



UNO, ♦(CF,C0),0 


CH, NO, 


♦ I. 2 -dirnelhyldinitroben/ei** 


H OAc 
50% 


( 15 ) 


CH, * NO, CH, 


One of the possible practical applications of nitro cyclohexandienyl acetate 
li coupling it with some aromatics to obtain diphenyl derivatives [43] : 


CM, no, 


CH, NO, 


BF,/Et,Q 

(-OAc) 


CH, NO, 


( 16 ) 


*. + / 


CH , — u \ 
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An interesting ipso -nit ration of nitrofurane derivative was reported [44). 
gem-Nitro compound is formed and JJq* ^C^ is converted to 0 = C . 

Some recent investigations of the nitration of heterocyclic aromatic systems, 
such as derivatives of pyrrol should be mentioned, as they seem to support the 
idea of the additional mechanism of N0 2 + in the sense of /pso-reaction. Thus, 
Sonnet [45) described the reaction: 



He explains it in terms of the formation of intermediate ipso - addition pro- 
duct II which is transformed into III through the migration of iodine atom (17). 

The loss of the proton from III yielded eventually IV. 

AROMATIC RADICAL CATION 

Dynamic nuclear polarization of aromatics in the course of nitration was 
suggested [92) and recently Ridd and Sandal [93) gave evidence of it on the 
nitration of TV.yV-dimethylaniline in sulphuric acid and stated a strong polariz- 
ation of 15N nuclei rationalized in terms of the formation of the radical pair 
|ArH + ’NOj ) from the preformed radicals ArH + ’ and NOj. 

REVERSIBILITY OF AROMATIC NITRATION 

It is generally accepted that the C-nitration of the aromatic system is an 
irreversible process. The problem has already been discussed in Vol. I, p. 41 and 
the conclusion was that the C-nitration group can migrate if this meets with 
steric hinderance, for example, the nitro group in ortho position to adjacent 
group or groups. It was also substantiated by T. Urbariski and Ostrowski (Vol. I, 
p. 41) but the conclusion was that the mobility of the nitro group cannot be re- 
garded as the proof of the reversibility of the C-nitration. 

However, the problem was recently revived. It was recalled that Frisch, 
Silverman and Bogart [46) pointed out the lability ofo-nitro group in 4-amino- 
3-nitroveratrole. This compound in acid condition can be transformed into 4- 
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amino-5-nitroveratrole when heated with acetic- phosphoric acid mixture, but 
the fact has not been further examined. 

Later Gore [47) found that 9-nitroanthracene when heated with sulphuric 
and trichloroacetic acid to 95°C, after 15 min revealed a considerable amount of 
nitric acid ca. 80% and anthraquinone ca. 20%. This author suggests a scheme: 

ArNO, ^-T |ArHNO,l + Aril + NO, + (18) 

but when nitrobenzene was added he failed to find dinitrobenzenes. 

The author comes to the conclusion that ‘normal aromatic nitration' should 
continue to be regarded as essentially irreversible, but can be reversed in certain 
cases when the nitro group is in a steric hindered position. 

Cerfontain and Telder [48) acquired an indication of the possible reversi- 
bility of aromatic nitration of anthracene-9-d, and finally Olah and associates 
[49) obtained evidence of the reversibility of the nitration of 9-nitroanthracene 
and pentamethylnitrobenzene when they found that these substances catalysed 
by superacids can yield nitrobenzene, nitrotoluene and nitromesytylene when 
reacted with benzene, toluene and mesitylene respectively. They suggested the 
mechanism as follows: 


(191 



It should however be borne in mind that positions 9 and 10 in anthracene are 
not typically aromatic. They are manifested hy a higher reactivity than positions 
a and 0 as established by MO calculation [50). In addition 9-nitroanthracene 
shows a non-planar structure with the nitro group out of plane [51) as pointed 
out by Cerfontain and Telder [48) . This is very similar to the position of the 
nitro group in 0 -dinitrobenzene and all derivatives of benzene with two ortho 
nitro groups. It is well known that the nitro groups in 0 -dinitrobenzene are not 
planar and there is no conjugation of double bonds in this compound. The fact 
is also reflected in ultraviolet-absorption spectrum of o-dinitrobenzene which 
deviates from those of m- and p-dinitrobenzenes (Vol. I, p. 169, Table 20). 

The degenerate rearrangement was studied by Mamatyuk and associates 
[52). They showed that the rearrangement takes place through successive inter- 
molecular 1 ,2-migration of the nitro group. 

The conclusion should be drawn that the reversibility of nitration can occur 
when a nitro group in ortho position is displaced through steric hindrance 
(aromatics with two nitro groups in ortho position, or a nitro group is in ortho 
position to a bulky substituent, e.g. /-butyl group) and the nitro group is no 
longer planar to the aromatic ring. This is also the case for 9-nitroanthracene. 
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Another example of the migration of a nitro group through an ipso - nitro 
form was described by Myhre [33) , Hahn and co-workers [34) . 

NITRATION UNDER THE INFLUENCE OF GAMMA RADIATION 

(Vol. I, p. 126) 

Several papers appeared after the pioneer work of Mine and co-workers 
(Vol. I, p. 126). Papers by Chernova and co-workers [53) and Sugimoto and co- 
workers [54) have shown that even dilute nitric acid (0.1 — 1.7 N) can nitrate 
aromatic compounds when subjected to gamma radiation from Co 60 . Benzene 
yielded nitrobenzene and p-nitrophenol as the result of free radical reactions. 
Nitric acid is decomposed by radical mechanism according to equation [55) : 

UNO, 'n~'-IIN(>J — - Oil ♦ -NO, (20) 

As a result of the formation of free radicals OH and N0 2 the following are re- 
actions which can be rationalized through the diagrams (21) [54| : 



CJL 

•oil 


— • c.h; 

• NO, 

iC*ll,NO, 

(21a) 

l< JUOIII 

-H..( 6 ii 4 oii + h 2 o 

(21b) 

•NO, 

ll 4 ()ll — » 

<*h 4 

(21c) 


^Oll 



The yield of these reactions was found to be G = 0.47-0.96 G value is the 
number of molecules produced by the radiation energy of 100 eV. The yield is 
small when G < 1 . 

I aleck i. Mine and T. Urbanski [56) examined the action of liquid N 2 0 4 at 
room temperature on n-hexane when subjected to irradiation with Co 60 , and ob- 
tained 1% yield of 1-nitrohexanc along with a considerable amount of carboxylic 
acids and some nitrate esters. 

Lee, Chung and Albright [57) examined the nitration of propane with nitric 
acid vapours at 425-430°C when propane to nitric acid ratios were 6:1 and 
10:1. Gamma irradiation with 195,000 roentgens per hour from Co 60 source 
of propane gas did not significantly increase the yield of the nitration, except 
when oxygen was added to the reactants. Also the irradiation of liquid propane 
prior to the reaction increased the yield by 10-15% relative percentages. The 
products distribution (nitromethane, nitroethane, 1 -nitropropane and 2-nitro- 
propane) was unaffected by radiation. 

A number of papers were dedicated to the nitration of aromatics by gamma 
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radiation of the aromatics present in aqueous solutions of sodium nitrate [58- 
61]. Broszkiewicz [59] found that sodium nitrate in the presence of oxygen 
yielded o-nitrophenol from benzene (yield G = 41). Chernova and Orekhova 
[58] obtained nitrobenzene (yield G = 0.2) when irradiation was carried out in 
an atmosphere of nitrogen. 

Nowak [62] examined the influence of radiation on the system dodecane - 
30% TBP tributyl phosphate - nitric acid used as extractants of burned up 
nuclear fuel and found that nitro compounds were formed even at low concen- 
trations of nitric acid. Nitroso and carbonyl compounds were also formed. 


INDIRECT METHODS OF INTRODUCING A NITRO GROUP 

Substitution of Sulphonic Group (Vol. I, p. 1 26) 

In addition to the work of Marqueyrol, Carr6 and Loriette (Vol. I, p. 500), 
and Pascal (Vol. I, p. 501), two more papers should be mentioned: by King [63] , 
Olsen and Goldstein [64] . King pointed out the importance of the presence of 
phenol-2,4-disulphonic acid and p-phenolsulphonic acid in the sulphonated 
phenol, whereas Olsen and Goldstein suggested that the nitration of sulphonated 
phenol involves, in the first stage, the introduction of nitro groups into the aro- 
matic ring. In the light of more recent investigations by T. Urbanski and Les- 
niak [65a] , it was found that two processes run simultaneously: 

(1) introduction of a nitro group into phenol-sulphonic acid, 

(2) substitution of the sulphonic group. 

This was established by the chromatopolarographic method of Kemula [65b] . 

Also it was rationalized [65] that by reacting nitric acid ono- andp-phenol- 
sulphonic acid coloured quinoid intermediate additions products are trans- 
formed into nitrophenol: 



SOjH 
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Substitution of Diazo Group 

The well known reaction of Sandmeyer [66a] was suggested by Waters [66b] 
in terms of free radical intermediates generated by electron transfer. Russell 
[66c] rationalized the reaction with a stable nitroaromatic anion where copper 
metal serves as the electron donor and cuprous ion as the electron acceptor (23): 

AiN, + + Cu — » Cu + + [ArNil — - N a + Ar' 

Ar* + NO, - — - ArNOl (23) 

AiNOT + Cu + — - ArNO, + Cu. 

Substitution of Halogen (Vol. I, p. 1 27) 

The reaction of Kornblum (Vol. I, p. 127) became a much more convenient 
method of making longer chain nitroalkanes. 

In halogen derivatives of benzene, halogen can be replaced by the nitro group 
under the action of nitric acid. The first paper on the subject by Zinke [67] 
should be mentioned. 


Substitution of t- Butyl Group 

The nitration of 2,4,6-tri-f-butylnitro benzene leads to several unexpected 
products as shown by Myhre and Beng [68] (24): 



58 . 9 % 4 . 6 % 34 . 3 % 2 . 2 % 


In addition to the replacement of /-butyl by the nitro group a transformation 
of /-butyl into the methyl group was established. This is rationalized in terms of 
the reactions: 
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INTRODUCING THE NITRO GROUP BY OXIDATION (Vol. 1, p. 131) 


Oxidation of Primary Amino Group 

Oxidation of primary amino group in aromatic compounds by peroxytri- 
fluoro acetic acid has been reported by Clarke and Steele [69] . The yield was 

90%. 

A much spectacular achievement was recently obtained by Nielsen and co- 
workers [70] . By oxidizing the primary amino group attached to a benzene 
ring bearing a number of nitro groups, polynitrobenzenes were obtained. Thus, 
by oxidizing 2,3,4,6-tetranitroaniline and pontanitroaniline they obtained penta- 
nitro- and hexanitrobenzene respectively. They used peroxy disulphuric acid 
(98% hydrogen peroxide in sulphuric acid or oleum at 25°C) as an oxidizing 
agent. 

Further use of this oxidant to produce a number of polymtro aromatics was 
reported by Nielsen and co-workers (71 ] in their remarkable paper. The authors 
also reviewed work on the other oxidants used to pass from HN 2 to N0 2 : Caro 
acid, peracetic, permaleic, m-chloroperbenzoic and perbcnzoic acids. They 
pointed out that the power of the oxidant is proportional to the acid strength of 
dcoxy per acid. Peracetic and m-chloroperbenzoic acids are suitable for the oxi- 
dation of aliphatic primary amines, whereas peracetic, peroxytrifluoroacetic and 
pcroxymaleic acids are best for the oxidation of ring substituted anilines. Potas- 
sium persulphate in sulphuric acid was also used successfully |7l | . 


Oxidation of Oximes 

Iftland and co-workers [72| described an original method of forming nitro 
derivatives of alicyclic compounds by the oxidation ol oximes. 

o 

L 

o \ n,o, » hno> \ SiBII ‘ - N 426 ) 

^NO * ' ^NO, ^ ^NO, 

The first step was the bromination of the oxime with bromocuccinimide to 
yield a bromonitroso compound on which the oxidation of hydrogen peroxide 
with nitric acid was transformed into bromonitro compound. The latter by act- 
ing with sodium borohydride furnished a secondary nitro compound with a 
yield of 33-80%. The method was particularly suitable for the formation of 
nitro derivatives of nitro cycloalkanes. The method is unsuitable for aromatic 
ketoximes and aldoximes. However, Barnes and Patterson |73] extended the 
method to aldoximes by using ozone as an oxidizing agent on gem-chloro- 


\ 

( =N()II 
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nitroso compounds. The removal of chlorine was accomplished by palladium. 
Piotrowska, Sas and Winiarski [74] used the Adams catalyst for the removal of 

chlorine. 

Emmons and Pagano (75] succeeded in oxidizing oximes of alicyclic ketones 
with trifiuoro peracetic acid to yield nitrocyclopentan and nitrocyclohexane 
with the yield of 60-62%. Oximes of steroids were oxidized with nitric acid- 
hydrogen peroxide to yield gem-dinitro derivative which under hydrogenation 
on platinum gave nitrosteroids with the nitro group in positions 3, 4, 6, 7 and 17 
(76]. 

DIFFUSION CONTROL IN NITRATION 

The importance of diffusion in chemical kinetics was pointed out by Eyring 
in 1936 |77| , and subjected to a wide description by (ilasstonc, Laidler and 
Eyring (78] . The applicability of the principles of the diffusion control in 
various reactions and the nitration among them was recently reviewed by Ridd 
(79). 

For reaction in solution the analysis of diffusion control is usually based on 
the concept of a molecular encounter. When two solute molecules come together 
in a solution they arc effectively held within a cage of solvent molecules and 
make a number of collisions with each other within this cage. Such a set of re- 
peated collisions is termed an encounter. The lifetime of each encounter is very 
short, 10 -, ° to 10' 8 sec. 

While considering the influence of the encounter rate on chemical reactivity 
a microscopic and macroscopic diffusion control should be mentioned. In micro- 
scopic diffusion control, the reactants exist together in a homogeneous solution 
and the reaction occurs on every encounter. 

The term macroscopic diffusion control describes processes in which the rate 
of the reaction is determined by the rate of mixing of the reactant solutions. 

According to Ridd (79] the clearest evidence for microscopic diffusion 
control in nitration comes from the kinetic studies of Coombes, Moodie and 
Schofield [80] with low concentration of nitric acid in 68.3% sulphuric acid as 
a solvent. In this medium the concentration of nitronium ions is proportional to 
the concentration of molecular nitric acid according to equation (27): 

UNO, 4 II* NO/ + 11,0. (27) 

Since the concentration of nitronium ion is very small the rate of the nitra- 
tion is determined by equation (28): 

Rate = k (Aril] (HN0 3 ]. (28) 

Relative rate coefficients from (28) are listed in Table 1 2. The most interest- 
ing feature of the results according to Ridd (79] is the limiting reaction rate of 
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TABLE 12. Relative rates of nitration at 25°C by nitric acid 

in various media 


Substrate 

Sulphuric acid 
68.3% 

Perchloric acid 

61.03% 

Sulfolan 
7.5% aq 

Acetic acid 
8-19% aq 

1 . 

2. 

3. 

4. 

5. 

Benzene 

1 * 

I* 

1* 

1 * 

Toluene 

17 

19 

20 

23 

o-Xylenc 

38 


61 


m-Xylene 

38 


100 

136 

p-Xylene 

38 

85 

114 


Mesitylene 

36 

78 

a50 


Anisole 

13t 


175 


Phenol 

24 

31 

700 


m-Cresol 


59 



Biphenyl 

16 


15.5 


Naphthalene 

28 

27 

33 

ca. 66 

l-Naphthol 


85 



Thiophene 


52 

ca. 150 



• Postulated. 

t According to Barnett el at. 181). 


the compounds being about forty times the reactivity of benzene. This limit is 
quite inconsistent with the predictions of the additivity principle. From the 
additivity principle and the partial rate factors for the nitration of toluene the 
reactivities of m-xylene and mesitylene would be expected to exceed that of 
benzene by factors of 400 and 16.000 respectively |80) . 

Thus the limiting reaction rate does not arise from the rate of formation of 
the electrophile N0 2 + and from a general breakdown in the additivity principle. 
The authors [80) suggest that the limit arises from the rate determining form- 
ation of an encounter pair ArH N0 2 + between the nitronium ion and the aro- 
matic substrate according to scheme (29): 

/NO. 

NO* + ArH — - ArHNO* — ► Ar* — - Product (29) 

X H 

A number of Swiss authors described their experiments on mass diffusion and 
the influence of mixing on nitration: Ott and Rys [82], Pfister, Rys and Zoll- 
inger 183). 

Schofield and co-workers [94J determined the half life of the nitronium ion 
on nitration of benzene in the presence of phosphoric acid of the concentration 
90.3 to 97.9%. The values were found to be 2 to 33 (increasing with the concen- 
tration of H3PO4). On the basis of these data they concluded that nitration with 
NO* is diffusion controlled at H 3 P0 4 over 95%. 


INFLUENCE OF A POSITIVELY CHARGED SUBSTITUENT 

Ridd [6) examined the influence of positively charged substituent on the 
yield of para and meta product of nitration. He found that — I$H 3 deactivated 
the position meta much more strongly than para. Modro and Ridd [95) rational- 
ized the influence of a positively charged substituent on the reaettion of nitra- 
tion of compounds taking into consideration the distance r between two posi- 
tive charges in the Wheland intermediate: 



Thus when n = 0 the partial rate factor f m was 0.9 X 10" 7 . When n = 2 and 
3 the values for f m were 0.13 and 0.47 and the yield of meta derivative was 19 
and 5% respectively. 

SIDE REACTIONS (Vol. I, pp. 75, 437) 

Nitrating medium, that is. nitric acid or mixtures of nitric acid with sulphuric 
acid or other agents promoting the formation of nitroxonium cation, is obviously 
a strongly oxidizing medium, hence a number of side reactions mainly oxi- 
dation reactions - take place during nitration. This was described in Vol. I 
(pp. 75, 437) and more recently reviewed in a number of excellent papers 
[84-86]. 

It is generally accepted that nitric dioxide and nitrous acid arc catalysts of 
oxidation reactions. Thus Ross and Kirshen [84] came to the conclusion that 
the N0 2 evolved in the equilibrium 

2 UNO, — - V4 O, + ll 2 O + : NOj . (30) 

• 

is the active oxidizer. This was based on their study of the action of nitric 
acid/sulphuric acid on dinitrotoluenes. The oxygen evolved in (30) is the oxidiz- 
ing agent. 

A striking fact was reported by Longstaff and Singer [87]. They found that 
formic acid cannot be oxidized by pure nitric acid alone or in mixtures with 
other mineral acids at 25°C, but oxidation took place in the presence of nitrous 
acid or NO + ion. Halahan and co-workers [88] studied the oxidation of several 
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dinitrotoluenes in the course of their nitration and found that the relative rates 
of oxidation were in direct inverse relationship to their rates of nitration. 

Hanson and co-workers [85] pointed out that nitro compounds with pheno- 
lic function are the main by-products of nitration of aromatic hydrocarbons. A 
number of papers by Dodak and co-workers [89] were dedicated to the form- 
ation of phenols in the course of nitration of hydrocarbons. However, the idea 
of phenols being formed through the action of NO + ion does not seem to be 
feasible on the experimental grounds that the addition of urea to the nitrating 
mixture does not prevent the formation of phenols and the addition of sodium 
nitrite does not foster the formation of nitrophenols [85]. Hanson rationalized 
the mechanism of formation of nitrophenols by an ipso - attack of NOj on 
hydrocarbon (31): 



II Oil (HI 


Phenols on nitration can yield derivatives of /7-benzoquinone. for example 
[90]. 

Gaseous products which accompany the nitration are CO and C0 2 . Toluene 
on nitration to trinitro derivative forms tetranitromethane (the mechanism of its 
formation is given in the chapter dedicated to the production of trinitrotoluene). 
Chlorobenzene and other chlorinated aromatic hydrocarbons yield chloropicrin. 

In papers dedicated to side reactions to nitration, no attention has been paid 
to the formation of ammonia in the course of the reaction. It is formed from 
hydrogen cyanide produced by drastic decomposition of nitro compounds. This 
was discussed in detail in Vol. 1, pp. 76-77. The mechanism of the formation of 
HCN from C-nitro compounds also explains the fact that these nitro compounds 
yield ammonia in Kjeldahl analysis, where the substance is subjected to the 
action of oleum at high temperature. 

A very important oxidation by-product of the nitration of toluene to trinitro- 
toluene is so called ‘white compounds’. It was found in the course of continuous 
methods of nitration of toluene. 

Its structure is dicarboxy-tetranitroazoxybenzene as shown by Joshi and Pat- 
wardhan [91]. The formation and proof of the structure will be given in the 
chapter on formation of trinitrotoluene. 
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CHAPTER 3 


STRUCTURES AND PHYSICO- 
CHEMICAL PROPERTIES OF 
NITRO COMPOUNDS 

(Vol. I, p. 165). 

A few excellent reviews appeared recently on the structure of the nitro group 
and the spectroscopy of nitro compounds [ 1 — 5 1 including mass spectroscopy of 
nitro derivatives of arenes and heterocycles reviewed by Khmelnitskii and 
Terentyev [145) and particularly on the C — N0 2 bond [3). Thus only some 
problems related to the nitro group will be given here. 

The geometry of the nitro group and electron density is depicted in the 
diagrammatic presentation of the molecule of nitrobenzene [3| : 

1 24" 


1.42 
Bond lengths 


FIG. 7. Geometry and electron density in nitrobenzene (according to Wagniire (31 ). 

Four p x electrons of oxygen and nitrogen are present in the nitro group. 
They are used for rr bonding and belong to the three p x atomic orbitals AO - 
one from nitrogen and one from each oxygen atom. These AO combine three 
nitro molecular orbitals MO one of which is bonding rr, Fig. 8a, one antibonding 
7t* Fig. 8b and one non-bonding rr 2 Fig. 8c. 

The diagram also includes the lone-pair orbitals: two and sp hybrid orbitals 
of the two oxygen atoms slightly split in the N0 2 group because of the inter- 
action between the two atoms. 
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(a)*. (c)»,* 


FIG. 8 The three atomic orbitals of the nitro group: (a) bonding, (b) anti- 
bonding, (c) non bonding (according to Jaffe and Orchin (II). 

ELECTRONIC SPECTRA OF THE NITRO GROUP 

The nitro group is a chromophore. In the visible and ultraviolet absorption 
spectra bands rr (bonding) -♦n* (anti-bonding) and n (non-bonding) —•■** 
occur most frequently in conjugated molecules including aromatics [1 7| . 

The energy level - diagram is given in Fig. 9. 

The classical example of the spectrum of a nitro compound is that of nitro- 
methane. It consists of two broad bands; a high intensity band at X max = 210 
nm (log e = 4.2) and a weak band at X max = 270 nm (log e = 1.3) which prob- 
ably arise from rr 2 —•** 3 and n a — ^ rr? transitions respectively. Theoretically a 
third band n — *-rr* from the transition n$ — **rrj is also present at a very low 
wave-length in the ‘vacuum’ ultraviolet and is of low intensity. Ultraviolet- 
spectra of nitroalkanes including polynitro compounds were described in detail 
by Slovetskii [6) and reviewed by Novikov et al. in their monograph [7| . 

Attention should be drawn to the fact that polynitro aliphatic compounds 
such as 1 ,1 -dinitroalkanes and trinitromethane exhibit a cloud in aqueous solu- 
tions. This is attributed to the presence of the anion [8] . 

Nitroalkenes (nitroolefins) are marked by the conjugation of double bonds 
with those of the nitro group. They show a high intensity absorption band due to 
rr — »*rr* transition within the range 220 250 nm. The n — **rr* band is strongly 
overlapped there by the intense red shifted rr — »-rr* absorption band. The 
spectra of nitroalkenes are reviewed by Perekalin and Sopova [9| and Novikov 
and associates [7] . 

The following are data in ethanol [4) which illustrate the effect of lengthening 
the conjugated system in aliphatic unsaturated compounds Table (13). Kochany 
and Piotrowska [10) examined the ultraviolet-spectra of a number ot nitro- 
alkenes. Their rr — ►rr* were observed between 360 and 420 nm. The ultraviolet 
absorption spectra of nitroethylene, nitropropenes and nitro methane have been 
taken and interpreted with the Pariser-Parr-Pople self-consistent field - MO 
calculation. The absorption bands rr — •- rr* are in good agreement with calcu- 
lated values [ 11 ). 
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20 

separate 

N atom O, group atoms 

—NO, 



Slot sp hybrid) 



IIG. 9. Energy levels of the nitro group (according to Jaffe and Orchin ID). 


TABLE 13. Effect of lengthening the conjugated system in 
aliphatic unsaturated compounds 


Compound 

max 

nm 

max 

Transition 

Nitromcthane 

210 

5000 

rr-^-TT* 


270 

20 

n -•-** 

1-Nitropropcne-l 

229 

235 

ca. 300-330 
(shoulder) 

9400 

9800 

n — ** 

l-Nitro-l,3-pentadiene 

227 

309 

9500 

16500 

n — »-ir x 


The nitro group in aromatic systems causes strong bathochromic shifts of all 
the aromatic absorption bands when the nitro group is attached immediately to 
the aromatic ring. This is the consequence of the fact that the nitro group is 
strongly electron attracting. Figure 10 shows the spectra of toluene, phenylnitro- 
methane and nitrobenzene. 



200 250 300 350 nm 

FIG. 10. Electronic spectra of phcnylnitromcthanc and nitrobenzene (accord- 
ing to Buchowski and Skulski (4) ). 

When the nitro group is not directly attached to an aromatic ring as in phenyl- 
nitromethane then the n bands are only weakly affected by the nitro 

group and they do not differ appreciably from that of toluene |2) . 

The band around 260 nm has been assigned by Nagakura and co-workers 
(12] as being produced in ca. 6% by the internal charge-transfer structure. 

Extensive study of numerous para - substituted 0-nitrovinyl- and 0-nitro- 
propenylbenzenes were carried out by Skulski and co-workers [13] . Both groups 
are weaker electron attracting than the nitro group. 

The nitro group attached to an aromatic ring takes part, as a rule, in the con- 
jugation of double bonds of the aromatic ring. However, a considerable devi- 
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ation of X max of aromatic tt — band of o-dinitrobenzene as compared with 
m . and p-isomers (Table 20, Vol. I, p. 169) is due to the fact that nitro groups in 
o-dinitrobenzene are being twisted off the aromatic plane. This was substanti- 
ated by X-ray analysis. Subsequently there is no conjugation of double bonds 
of that nitro group with the double bonds of the aromatic ring. 

Conduit [14] examined ultraviolet and infra-red spectra of several mono-, 
di- and trinitro derivatives of benzene and toluene and interpreted them in terms 
of polar and steric effects. 

The striking examples are a-dinitrobenzene, 2,3-dinitrotoluene and 3,4- 
dinitrotoluene which show . — -»• peaks at < 210. and 219 nm respectively 
whereas all other dinitro compounds examined show peaks between 242 and 
283.5 nm. Derivatives of toluene show peaks at a higher wave length probably 
due to the hyperconjugation of the methyl group. 

The trinitro derivatives of benzene and toluene give bands within .27-258 
nm. Here, according to Conduit, can exist a mutual reduction of conjugation by 
the nitro groups. The mean frequencies for the mono-, di- and trinitro com- 
pounds are 36,670, 41,760 and 41,970 cm' 1 respectively i.e. X max 273. 239 and 
238 nm respectively. 

The twisting from the plane in some high nitrated derivatives of aniline was 

examined by Kamlet and co-workers [15]. 

The figures are given in Table 14. 


TABU 14. Ultraviolet spectra of ring substituted 
picramidcs in dioxane 


Compound 

\na\ 

nm 

I’icramidc 

3IK 

408 

2,3,4.6-Tctranitroamlinc 

320 

402 

2.3.4 ,5.6-Pcntanitroaniline 

316 

400 

3.3-Diamino- 

2.2'.4.4\6.6\-hcxanitrodiphenyl 

326 

394 


They calculated the angle of twist 0 for the nitro groups in 2.3.4.6-tetra- 
nitroaniline according to Braude equation [16] and compared it with the X-ray 
crystallographic data of Dickinson, Stewart and Holden [17] ( I able 15). 


TABLE 

1 5. Angles of twist 0 
tetranitroaniline 

in 2.3.4 .6- 




Angle 0 


Substituent 

Calculated 

Observed 

2-N0 2 

21° 


19° 

3-NOj 



64 

, c ° 

4-NOj 

6-N0 2 

'I* 


1 * 
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An example of the steric influence on the ultraviolet-spectrum of the nitro 
group in non-aromatic systems was given by T. Urbanski, Piotrowska and K$d- 
zierski [18]. Absorption bands of the nitro group (rr — -tt*) in 5-nitro-l,3- 
dioxane were found to be 279 and 283 nm respectively. This was confirmed by 

Eliel [19]. 

A few more papers should be mentioned as regards electronic spectra of aro- 
matic nitro compounds: nitrobenzene, dinitrobenzene and trinitrobenzene [20] 
and the work of Barth [21 ] who subjected mono-, di- and tri-nitrobenzenes and 
toluenes to detailed spectrophotometric ultraviolet-visible studies and developed 
a quantitative analysis of TNT in the presence of cyclonite, octogene and waxes. 

Theoretical calculation of o + n electronic structure of nitrobenzenes and 
nitrotoluenes were carried out by LCAO method and gave a good agreement 
with electronic spectra and dipole moments [22] . Later the CNDO and ab initio 
calculation for nitro-, dinitro- and trinitrobenzenes gave a very good agreement 
with spectral features and dipole moments [23] . 

SOLVENT EFFECT 

A very prominent effect is of solvent upon the n — -rr* aromatic band in aro- 
matic nitro compounds. When given spectra of organic compounds, thought 
should be given to the solvent used. This is particularly important in the ultra- 
violet region. Schubert and Robins [24] give some figures for nitrobenzene in 
some common solvents - Table 16. 

TABLE 16. Ultraviolet absorption of n -~n* 
aromatic bands of nitrobenzene 


Solvent \n*x* nm 


Water 267.5 

95% Ethapol 259.7 

f-Butanol 257.7 

r-Butyl chloride 257.1 

iso- Pentane 250.1 

Acctonitryl 261.0 

Nitrobenzene in gas phase 239.0 


Solvatochromic shifts in the ultraviolet-visible absorption spectra of p-nitro- 
phenol and p-nitroaniline have been taken as measures of relative solvent alfini- 
ties [25]. 

It should be borne in mind that the acidity and basicity of the examined com- 
pounds and the use of some solvents can influence the ionic dissociation (the 
equilibrium acid- base) in a more appreciable way and produce the change of 
Xmax and the intensity, in electronic spectra. 
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INFRA-RED AND RAMAN SPECTROSCOPY 

Numerous published papers have dealt with infra-red and Raman spectro- 
scopy of nitro compounds. A general description is given in the monograph by 
Bellamy [26) and more recent reviews by Rao [27) and for non-aromatic nitro 
compounds by Novikov and co-authors [7) . 

The following are fundamental frequencies for nitromethane, the simplest 
nitro compound: Table 17. 


TABLE 17. Fundamental frequencies for infra-red and Raman spectra 
of nitromethane according to Popov and Shlyapochnikov (281 


Vibrational 

class 

Vibrational 

motion 

Frequencies 

cm” 1 

Intensity 

Asymmetric 

N0 2 asym stretching 

P flI - 1582 

vs 

Symmetric 

N0 2 sym stretching 

V s - 1384 

s 


C-N stretching 

V - 921 

w 

Deformation 

ONO 

6 - 647 

m 

Non-planar 

N0 2 bending 

P - 599 

w 

Deformation 

C-NO non-planar 

6 • 476 

vw 


Popov and Slyapochnikov [28) were able to calculate force constants in the 
molecule of nitromethane and Novikov [7) extended the calculation to a num- 
ber of nitro compounds. 

Slovetskii and co-workers according to [7) examined the frequencies of prin- 
cipal N0 2 bands for primary, secondary and tertiary nitro groups (Table 18). 


TABLE 18. Mean V values of frequencies 
of mononitro alkanes 


Compounds 

‘'as 

•'s 

RCH 2 N0 2 

1554 ±6 

1382 ±6 

rr'chno 2 

1550.5 ±2.5 

1360 ±3.5 

rr'r" cno 2 

1538.5 ±4.5 

1348.5 ±J4.5 


Bellamy (26) collected information on the range of two main bands of ali- 
phatic and aromatic nitro compounds: 

asymmetric 1650-1500 cm' 1 , 
symmetric 1350-1250 cm* 1 . 

Higher nitrated alkanes, for example, di- and trinitromethane show a splitting 
of the bands of symmetric vibrations. Thus Levin and Legin according to [7) 
reported bands for dinitromethane: 
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asymmetric: 1580 cm l , 

symmetric: 1386 and 1350 cm 1 . 

The frequency of deformation vibrations S(ONO) cm' 1 is strongly influenced 
by the number of nitro groups [7] : 

CH,NO, 6 = ca. 650 cm' 1 

CH, NO, , co. 402 cm' 1 

CH NO, , co. 360 cm' 1 

C NO, . 340 cm' 1 

Buczkowski and T. Urbadski [291 found ,he bands in 2,2-dinitropropane in 
both infra-red and Raman spectra: asymmetric NO,: 1588 cm' 1 , symmetric 
NO,: 1367, 1342 and 1258 cm' 1 . 

Salts of nitro alkanes show a considerable deviation from the non-ionized 
nitroalkanes. Novikov and co-workers [7) give the frequencies of mononitro 
anion as follows: 

p(C-N) 1610-1440 cm' 1 

v a { NOj) 1285-1 140 cm" 1 

*/ 5 (N0 2 ) < 1000 cm” 1 

Figure 1 1 depicts the change of frequencies when ‘true’ nitro compounds are 
transformed into their salts, according to Novikov and co-workers (7) . 

Conduit [14) established the influence of steric effects upon the symmetric 
vibrations. All dinitro derivatives of benzene and toluene which contain one 
nitro group strongly hindered and non-planar with the benzene ring show a 
splitting of the symmetric vibrations band, Table 19. 

TABLE 19. Infra-red bands of sym-N0 2 in 
sterically hindered nitro compounds 

o-dinitrobenzene shows 1 368 and 1 350 cm_ | 

2.3- dinitrotoluene shows 1 364 and 1 346 cm_ | 

3.4- dinitrotoluene shows 1 360 and 1 346 cm ^ 

2.6-dinitrotoluene shows 1 363 and 1 348 cm ^ 

3.5- dinitrotoluene shows 1 356 and 1341 cm 

Unsymmetrically substituted trinitrotoluenes show a splitting of both bands, 
for example, 2,3,4-trinitrotoluene show asymmetric 1572, 1558 and symmetric 
vibration 1360, 1347 cm" 1 . Similar bands are given by 2,3,5-, 2,3,6- and 3,4,5- 
trinitrotoluenes. 

The asymmetric band widths reveal a regularity. The band width of an iso- 
lated nitro group is 8-11 cm" 1 but in the presence of some hindering groups 
such as CH 3 , C 2 H 5 broadens to 19 cm" 1 . 

Varsinyi, Holly and Fenichel [30] confirmed the finding of Conduit [14] 


77 


i 


76 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 



FIG. II. Change of frequencies of aliphatic nitro compounds and their salts 

(according to Novikov et al. (71 ). 


and added one more band of C — N stretching vibrations in nitrobenzene, nitro- 
toluene and nitroanisole as being 859-851 cm 1 . 

Steric influence was also referred to NO* deformation and C — N stretching 
vibrations in aromatic nitro compounds by Nakamura and co-workers 131). 
They examined aromatic nitro compounds containing halogen substituents in 
various positions. They found (as anticipated) that ortho substitution lowered 
N0 2 bending and deformation modes owing to steric hindrance. This can be 
seen from Table 20. 

TABLE 20. N0 2 bending and deformation vibration in 
substituted nitrobenzenes 

N0 2 bending cm' 1 N0 2 deformation cm' 1 

m-chloronitrobenzene 
/>-chloronitrobenzene 
o-chloronitrobenzene 
m-bromonitrobenzene 
p-bromonitrobenzene 
o-bromonitrobenzene 
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The C — N stretching frequencies are not much influenced by substituents and 
in some cases the substitution increases the frequency. Thus the C -N frequency 
in pentabromonitrobenzene 895 cm' 1 is much higher than in nitrobenzene 852 
cm" 1 . This is in agreement with Trotter's conclusion [32] that the C -N bonds 
in nitrobenzene derivatives have no resonance interaction. 

T. Urbanski and D^browska [33a] examined infra-red spectra of mono-, 
dk and trinitrophenols and particularly [33b) the action of solvents on hydro- 
gen bonding between o-nitro and the phenolic group. They found that polar 
solvents can break a hydrogen bond. This is discussed in the paragraphs on 
hydrogen bonds and in the description of dinitro and trinitro phenols. 

The already mentioned work of K^dzierski, Piotrowska and T. Urbanski [18] 
on spectra of 5-nitro-l,3-oxazine revealed also the influence upon the infra-red 
frequency of the nitro group of its stereochemistry. 

Thus the axial and equatorial N0 2 groups showed the frequencies 1556- 
1 548 cm" 1 and 1 536- 1 533 cm' 1 respectively. 

A very interesting attempt was made by Boisard et al. [34) to use the rapid 
Raman spectrometry of 10 ns to study the structure of explosives immediately 
preceding the decomposition produced by a shock. They obtained spectra of 
cyclonite after the shock and the beginning of decomposition. A displacement 
was observed by 1 1 cm' 1 of the frequency of the bond N-N0 2 . This is prob- 
ably due to lengthening of the bond N — N. It is expected to obtain more in- 
formation in the future. 


NUCLEAR MAGNETIC RESONANCE OF NITRO COMPOUNDS 

(Vol. I.p. 179) 

The application of nuclear magnetic resonance spectroscopy involves proton 
and nitrogen chemical shifts: 1 H-NMR and ,4 N-NMR respectively. 

Proton Magnetic Resonance 

A number of aliphatic nitro compounds were examined by T. Urbanski, 
Witanowski and co-workers (35]. The nitro group, being strongly electron 
attracting, decreases local electron density around alkyl protons in nitroalkanes, 
thus shifting their resonance signals to lower magnetic fields. The effect depends 
on the number of nitro groups, as can be seen in the series: 

CH4 CH 3 N0 2 CH 2 (N0 2 )j CH(N0 2 ) 3 

6 ppm 0.23 4.28 6.10 7.52 

The negative inductive effect of the N0 2 group operates significantly as far 
as the third carbon atom in the chain. This can be seen from 6 ppm data for 1- 
nitropropane to 1-nitropentane: 


537 

733 

533 

740 

459 

686 

535 

728 

522 

732 

413 

685 
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CH, - 

1 

0 

1 

M 

1 

-CH, - 

-NO, 



1.05 

2.04 

4.30 



CH,- 

-CH, - 

-CH, - 

-CH, - 

— NO, 


1.00 

1.46 

2.03 

4J3 


CH, - 

-CH, - 

-CH, - 

-CH, - 

-CH, - 

— NO, 

0.96 

1.33 

1.33 

2.03 

4.30 



Also a difference was observed between primary and secondary nitroalkanes: 

CH, 

^CHNO, 6 ppm 
CH, 

4.58 

Proton spectra have also been used for the examination of nitro alkenes such 
as the isomerization of nitropropenes (36) : 

CH, - CH - CH, NO, £=■? CH,- CM - CH - CH, ( f ) 

75% 25% 

A number of aromatic nitro compounds, derivatives of benzene, toluene, 
xylenes, mesitylene and durene have been investigated by proton resonance 
spectra (37-41 ) . The nitro group was found to shift the aromatic proton reson- 
ance signals to low fields from that of benzene in the order ortho > para > meta. 

T. Urbariski, Witanowski and associates (42) found convincing proof of the 
hydrogen bond between the phenolic group and the o-nitro group through 1 H- 
NMR examination of dilute solutions of nitrophenols, 2,4-dinitrophenol and 
picric acid. Thus o-nitrophenol gives 6 = 10.67 ppm whereas m- and p-nitro- 
phenols 4.87 and 5.14 ppm respectively. 

More information on H-NMR of nitro compounds is given by Rao in his 
review paper (2). 

Nitrogen Magnetic Resonance 

Recently less attention has been dedicated to the study of proton NMR of 
nitro compounds and attention has been shifted to nitrogen — 1 4 N-NMR. 

The first systematic study of l4 N~NMR of nitroalkanes has been done by 
Witanowski, T. Urbanski and Stefaniak (43) . It led to a simple spectral differen- 
tiation between nitromethane, primary, secondary and tertiary nitroalkanes. 

Nitromethane was taken as a primary standard for referencing nitrogen 
chemical shifts. 

A summary of the existing data is given in Table 21 (44-46) . 


CH,CH, NO, 
4.38 


PHYSICO-CHEMICAL PROPERTIES OF NITRO COMPOUNDS 79 

TABLE 21. ,4 N-NMR of typical nitro compounds 


Compounds 


Nitrogen screening constants 
ppm 


Nitromethane 

C(NOj)4 

Nitrobenzene 

Hexanitrobenzene in CH 2 C1 2 
Nitroalkanes: 

tertiary R3C - N0 2 
secondary RjCH - NO* 
primary R CHj - N0 2 
gem - Dinitroalkanes RCH(N0 2 ) 2 
gem - Trinitroalkanes R C(N0 2 ) 3 
Aromatic nitro groups 
Ar-Nitro group RjN- NOj 
0-Nitro group R-0~N0 2 


0.0 

+46.59 
+ 9.56 
+ 38.5 


co. -30 
ca. ~ 20 

ca. ~ 8 
<*. + 20 
ca. +30 
+ 5 to +30 
+ 20 to +40 N0 2 
+ 35 to +60 


Electron attracting substituents in the nearest vicinity to the nitro group tend 
to increase the screening constant for the latter. Nitrogen chemical shifts differ- 
entiate clearly nitroalkanes, nitroaromatics, A'-nitro and 0-nitro groups. They 
arc also helpful in distinguishing between the true nitro structure and that of an 
aci-nitro compound: 

Z 0 

(CH, C OO), CII NO, (CH, COO), C = N' 

'OCH, 

+ 16 ppm +70 ppm 

nitro compound aci-nitro derivative 


Additivity rules were found for the nitrogen chemical shifts in nitroalkanes 

m. 

The experiments on l4 N-NMR were extended to correlations of the N 
chemical shifts with the infra-red frequencies of the nitro group (49b, 50) and 
with the Taft constants [48, 49a) . 

NMR spectra of nitrophenols offered a great help in examination of intra- 
molecular hydrogen bond in 0-nitroalcohols (68a) and o-nitrophenols (42) . The 
problem is discussed in the paragraph on hydrogen bond (p. 81). 

A number of papers deal with the ,4 N-NMR spectra of anions derived from 
mono- and polynitroalkanes. The change of structure from that of a true anion 
of aci-nitroalkane to that of a true nitrocarbanion was suggested in the series of 
anions of mono-, di-, and trinitroalkanes on the basis of the l4 N spectra (50). 
Some data on the 14 N, 1 5 N, 1 3 C and 1 7 0 resonance shifts were reported for 
nitroalkane anions [51-53] and 1 7 0 for nitroalkanes (54) . 
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The l4 N resonance spectra of aromatic nitro compounds [55] show induc- 
tive effects of substituents on the nitro group. 

The nitrogen resonance spectra have been reported for the nitronium ion 
(NO, + ) [56]. 

For more information and details the monographs [44 -46] should be con- 
sulted. 

Electron Spin Resonance 

As is generally known, electron spin resonance reveals the presence of un- 
paired electrons. This is of course characteristic of free radicals and the most 
well known stable free radical is a, a'-diphenyl-^picrylhydrazyl(DPPH) (1, 213). 
In the ESR spectrum it gives a narrow signal close to free spin value* = 2.0036 
and is used for calibrating the magnetic field [2] . 

Unpaired electrons are also present in free radicals, radico-ions and in charge - 
transfer complexes. Among the latter a very prominent group is formed by poly- 
nit ro compounds as acceptors and aromatic hydrocarbons mainly with con- 
densed rings. The nature of these complexes is discussed further on p. 83. Now 
it should be mentioned that all CT complexes give a prominent ESR signal. More 
recently T. Urbahski and co-workers [57] found that nitro compounds, both 
aliphatic and aromatic, give ESR signals if they contain a donor such as the 
amino group. Typical examples are nitroanilines, m-nitroaniline. Among ali- 
phatic compounds l,l-dinitropropenyl-3-dialkylamines show a strong ESR signal 
very likely due to the structure 

f°’ N \ t 

r/ N ( —CII Cll, NIK Aik),. 

lo,N ^ 

These compounds can be regarded as ‘internal* CT complexes, or ‘autocom- 
plexes*. A number of such complexes with nitro groups were described by Frei- 
nianis et al. [141 ] . 

Micro-wave Spectroscopy 

Micro-wave spectroscopy has been very little used for the examination of 
nitro compounds. Only a few data exist on the rotational constants of N0 2 
group about the symmetry axis for nitromethane [2, 7] and some derivatives of 
nitromethane [7] . 

Magnetic and Electric Birefringance 

Magnetic birefringance (Cotton- Mounton effect) and electric birefringance 
(Kerr effect) of nitrobenzene, p-dinitrobenzene and 1,3,5-trinitrobenzene was 
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recently examined by Battaglia and Ritchie [58] at 25°C and 633 nm. 

The following were figures for Ax molecular magnetic anisotropy: 

benzene — 64 

nitrobenzene - 96 

p-dinitrobenzene — 151 

13,5 -trinitrobenzene - 147 

Optical Rotatory Dispersion 

Optical rotatory dispersion and circular dichroism of compounds with a nitro 
group as a chromophore was described by Djerassi and co-workers [59]. 


HYDROGEN BOND WITH THE NITRO GROUP (Vol. I, p. 1 70). 

Malinowski and T. Urbahski [60] advanced a suggestion that a hydrogen 
bond can exist between the nitro and the hydroxy group in 0-nitro alcohols. This 
was based on the experimental fact that 2-nitropropane-l ,3-diol (I) formed 
cyclic acetals- 1,3-dioxane derivatives (11) and ketals with great difficulty, while 
on the contrary the triol 2-hydroxymethyl-2-nitro-propane-l ,3-diol (III) forms 
the corresponding cyclic acetal (IV) and ketal with great ease. 

These facts were rationalized in terms of the hydrogen bonds between the 
nitro and the hydroxy groups: la and Ilia 


H\ /CH,OII RCHO 
OjN^ N'HjOH 

I 


H\ ✓CH, (K 

JXHR 

0,N^ ^(H, 


II 


(2a) 


HOCH,^ /CH,OH 
OjN^ V 'CH,OH 

III 


RCHO 


IIOCH,^ /CH,- 
OjN^^CH, 


■O 


^CHR 


IV 


(2b) 


H^ /CH,OH 
C. 


O — “CH, 

L J 


H 



HC 


O- 


H, CH, OH 

^C. 


'0=N CH, OH 

° Ilia 
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The presence of the intramolecular hydrogen bond between N0 2 and OH 
groups or N0 2 and NH groups was later confirmed by the author [61] on the 
basis of ultraviolet spectra of ca. 50 0-nitroalcohols, diols and 0-aminomethyl- 
0-nitroalcohols and the comparison of their spectra with those of nitroalkanes. 

The conclusion of T. Urbartski was questioned by Ungnade and Kissinger 
[62] who admitted only a very weak hydrogen bond between 0-nitroalcohol and 
chloroform used as a solvent. Schleyer and co-workers [63] have criticized the 
conclusions of Ungnade and Kissinger thus supporting the view of T. Urbiftski. 
Also Krueger and Mettee [64] confirmed the existence of the discussed hydro- 
gen bonding. Two earlier papers [65, 66] referred to infra-red spectra of 0- 
aminoalcohols and the authors rationalized the results in terms of the hydrogen 
bond between N0 2 and OH groups. 

Final proof of the existence of the hydrogen bonding between N0 2 and OH 
groups in 0-nit roalcohols was given by further experiments of T. Urbanski and 
co-workers. The following methods were used in their experiments: measure- 
ment and calculation of dipole moments [67] , ultraviolet, infra-red (including 

overtone region), NMR spectroscopy [68a, b] . 

A number of nitrophenols, nitroanilines, nitronaphthols etc. have been exam- 
ined through ultraviolet spectroscopy, the point of acid- base equilibria, solute 
solvent effect and internal hydrogen bonding and partly reviewed [2, 69, 701 
Lutskii and Gorokhova [71] have calculated and interpreted the electronic 
spectra of nitrophenols by a LCAO SCF MO method in Pariser- Parr-Pople 
approximation. On scrutinizing the experimental electronic spectra (both ultra- 
violet and visible) of nitrophenols in different solvents (cyclohexane, absolute 
and 20% aqueous methanol) Skulski [72] has come to the conclusion that o- 
nitrophenol is strongly chelated in cyclohexane solution, but not appreciably in 
methanolic and probably not at all in aqueous methanol. Also by measuring 
dipole moments in dioxane and benzene he obtained [73] valuable intormaMon 
on the stability of the intramolecular hydrogen bond to the action ol dioxane 
and other active solvents. 

The effect was examined [74] of surfactants on the visible spectra of nitro- 
phenols in 3% aqueous ethanol and interactions between the nitrophenols and 
micelles. The electron absorption spectra of dinitroanilines have been discussed 
[75] in terms of energy and intensity of lowest energy absorptions, the intra- 
molecular hydrogen bond extension of the n electron conjugated system etc. 

T. Urbanski and Dijbrowska [33b] examined infra-red spectra of several 
mono-, di- and trinitrophenols and established the influence of the solvent on 
the hydrogen bond between the o-nitro and phenolic groups. It was found that 

polar solvents can break the intramolecular hydrogen bond. 

Reeves and co-workers [76] correlated the change in the chemical shift of 
NMR spectra caused by formation of an intramolecular hydrogen bond in o- 
tubstituted phenols including o-nitrophenol, 2,4-dinitrophenol, l-mtro-2- 
naphthol, 2,4-dinitro- 1 -naphthol etc. 
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Final evidence of intramolecular hydrogen bonding in nitrophenols and 
hyd ,ogen bonding in nitrophenols was given by T. Urbanski, Witanowski and co- 
workers [77] by examining their NMR spectra. The values of 8 calculated for 
infinite dilutions fo, OH groups and th* infra-red frequencies are shown in 

Table 22. 

TABLE 22. Chemical shifts 6()H PP m and infra ' red frequencies in cm 

for nitrophenols 


Compound 


6 qH PP m 


1R bands 


cm 


-l 


o-Nitrophenol 

2.4- Dinitrophenol 

2.5- Dinitrophenol 

2.6- Dinitrophenol 
Picric acid 

m-Nitrophcnol 

p-Nitrophenol 


10.67 
11.12 
10.76 
1 1.41 
9.16 
4.87 
5.14 


3250 

3210 

3270 

3170 

3100 

3615 

3615 


The infra-red data (30a) refers to solutions in carbon tetrachloride. They 
show a considerable difference between ortho nitro phenols and m- and para- 

nitro derivatives. . , , . . 

A number of authors [78-81 ] examined the intramolecular hydrogen bonds 

between N0 2 and NH 2 in o-nitroaniline. 


CHARGE-TRANSFER COMPLEXES (CT COMPLEXES) OR ELECTRON - 
DONOR- ACCEPTOR COMPLEXES (EDA-COMPLEXES) (Vol. I, p. .20). 

As pointed out in Vol. 1, trinitrobenzene and its derivatives possess the 
abUity to form addition compounds, especially with aromatic hydrocarbons 
composed of condensed rings, such as naphthalene, anthracene, phenanthrene, 
acenaphthene etc. Addition compounds of picric acid have been known since 
1858 [82] and those of sym-trinitrobenzene since 1882 [83]. ^mplexes ot 
sym-trinitro-benzene with aromatic amines were also described in 1882 (84) . 

' Currently problems connected with CT or EDA complexes form one of the 
topics of physical-organic chemistry. A few excellent monographs and review 
articles have appeared [85-90] . After the remarkable work of Bnegleb, Weiss, 
Brackman and other authors (Vol. 1, p. 220) the most important treatment of the 
nature of bonds keeping donor and acceptor together, was given by Mull.ken 
[91] on the basis of quantum mechanical assumption of the electron transter 

from the donor to the acceptor. 

Here are the main points deduced by MuUiken. The electronic ground state 
wave functions of the complex * N are a combination of a ‘no-bond 1 wave 


84 


85 
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function \J/ Q and one or more ‘dative bond’ functions ^ , \J/ 2 etc.: 

*N=**o + Wi +cj/ j + ..., 

where a, b and c are coefficients with a> b>c. 

The no-bond function includes the electronic energy of the component 
molecules, plus terms representing the effect of dipole interactions, dispersion 
forces, hydrogen bonding and other intermolecular forces. The dative bond func- 
tions represent states where an electron has be$n transferred from the donor 
molecule to the acceptor, introducing electrostatic interactions and forming a 
weak covalent link between the resulting radical ions: 

"AD — - A”+ D* 

|h* 

A + D f A - -• — » D* 

HP A Complex 

Excited states with a dative structure as the main contributor, have the same 
form with the coefficients varied to give predominance to the dative bond con- 
tribution. 

The Mulliken treatment provided the theoretical basis for interpretation of 
spectroscopic and formation constant data and initiated research on semiconduc- 
tivity and magnetic properties of molecular complexes. 

According to McGlynn [85) and Briegleb (87) the complex addition com- 
pounds should be called ‘EDA-complexes’ for Electron-Donor- Acceptor 
Complexes and the term ‘Charge-Transfer’ should be reserved for the absorp- 
tion band characterizing the complex. The symbol hi>cr > s 8 ivcn to l ^ e energy of 
the ‘charge-transfer band’ characterizing the complex. Thus the term ‘Charge - 
Transfer’, according to Briegleb, is reserved in this particular instance. 

According to Dewar and Lepley [92) the following are CT-bands of com- 
plexes of sym-trinitrobenzene and hydrocarbons (Table 23). Also they cal- 
culated the energy F. m of the highest occupied MO. 


TABLE 23. The CT-bands of complexes of sym- 
trinitrobenzene and hydrocarbons 


Hydrocarbon 

CT-band 
V nm 

Em 

Benzene 

284 

1.000 

Naphthalene 

365 

0.618 

Acenaphthylene 

353 

0.637 

Anthracene 

460 

0.414 

Naphthacene 

520 

0.294 

Phenanthrene 

370 

0.605 
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The figures brought to coordinates - E m against v - form a straight line. 

A very important feature of EDA-complexes is the fact that in the magnetic 
field they show the existence of an unpaired electron, i.e. signals in the electron 
spin resonance apparatus. 

Briegleb and Czekalla (86) depicted the formation of radical-ions of trinitro- 
benzene in the following way (3): 



The electron affinity of trinitrobenzene which characterizes the ability of the 
compound to form charge-transfer complexes is not very high and is estimated 
to be equal to 0.6 cV, whereas stronger electron acceptors such as tetracyan- 
ethylene and chloranil show values of 1 .6 and 1 .35 eV respectively [86) . 

The Mulliken treatment provided a simple classification of molecular com- 
plexes according to the type of orbitals involved in charge -transfer [93). The 
complexes of nitro compounds with hydrocarbons belong to n-rr complexes 
i.e. ir-donors and n-acceptors. 

For maximum charge-transfer interaction the relative orientations of the 
two molecules must provide maximum overlap of the filled donor orbital and 
the vacant acceptor orbital. This is known as Mulliken’s ‘Overlap and Orien- 
tation principle’ [94). 

X-ray examination of n n molecular complexes shows that the crystals of the 
complexes are formed from stacks of alternate donor and acceptor molecules - 
in agreement with theoretical analysis of Mulliken. 

This was described by a number of authors (Vol. I) for example, Powell and 
Muse. Rapson, Saunder and Stewart and Wallwork [95) subjected a few com- 
plexes of j-trinitrobenzene to X-ray analysis. Wallwork concluded that the struc- 
ture can be summarized and plane-to-plane packing of the components. The 
relative dispositions of the components are such as to allow the maximum degree 
of overlap between their molecular rr-orbitals. Figure 1 2 gives a diagrammatic 
presentation of the complexes of sym-trinitrobenzene with naphthalene, and 
Fig. 13 - with anthracene [96] . 





FIG. 12. CT - complex of sym-trinitrobenzene with naphthalene (according 

to Brown. Wallwork and Wilson (961 )- 
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0,N NO, 



NO, 


MG. 13. CT - complex of sym-trinitrobenzene with naphthalene (according 

to Brown, Wallwork and Wilson (961 ). 

Particular cases of EDA complexes are those of nitrophenols and bases, 
for example, dinitrophenols with aniline described by Zeegers-Huyskens [96a). 
mono-, di-, and trinitrophenol with hexamethylenetetramine of Vagaonescu and 
lonescu [96b] . The complexes show the presence of hydrogen bonds in addi- 
tion to the existence of n-n complexes. High nitrated aromatic compounds have 
been used for the identification of multi-ring aromatic hydrocarbons and various 
amines. Thus Willstitter and M. Fischer [97] used styphnic acid, an acceptor to 
detect porphyrins, and later a few papers were added on similar detection of 
chlorophyll and other porphyrin-like molecules with 1 ,3,5-trinitrobenzene and 
2,4,7-trinitrofluorenone [98-100] . Some alkaloids and drugs can be detected 
and subjected to quantitative analysis by measuring the intensity of the charge 
transfer band produced in the spectrum of complexes with 1 ,3,5-trinitrobenzene 

or picric acid [101, 102) . 

Also highly nitrated compounds can be detected and identified by means of 
donors, such as hydrocarbons. Their identification was suggested by the method 
of thin-layer chromatography [ 1 03] . A method of rapid detection, of explosives 
such as TNT, TNB, Picryl chloride, m-DNB, Tetryl in the form of charge- trans- 
fer complexes with aromatic amines, such as aniline, dimethylaniline. toluidines, 
anisidines, naphthylamines, benzidine etc. was developed by Dwivedy el «f. 
[104[ . The authors used for identification thin-layer chromatography establish- 
ing/fy values for model complexes. 

An original approach to the stereostructure of complexes on the basis ot 
infra-red spectra was given by Severin 1105). He examined the complexes of 
sym-trinitrobenzene with phloroglucinol or nitrophloroglucinol and of picric 
acid with phloroglucinol and came to the conclusion that the approach of the 
acceptor molecule can be sterically hindered if the donor molecule is non- 
planar. Hence complex formation is difficult as the non-planarity increases the 
distance between the components. For example, mms-stilbene forms a picrate, 
but the ci'j-isomer does not. The planar molecule of 2-phenylnaphthalene also 
forms a picrate, while its non-planar isomer, 1-phenylnaphthalene, fails to do so. 

A number of papers have appeared which describe absorption spectra ot 
charge- transfer complexes in solutions without however isolating the actual 

complexes. r , . 

Thus Foster and Thomson [106] examined complexes of p-phenylene- 
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diamine and its N - methyl derivatives, and bis(dimethylamine) derivatives, of 
diphenyl and stilbene with 2,4-dinitrotoluene, 2,4,6-trinitrotoluene, U- and 
I 4 -dinitrobenzene and 13,5-trinitrobenzene. Similarly Waclawek and Hurwic 
11071 described complexes formed in solutions by 1,3,5-tnmtrobenzene with 
pyridine, picolines, aminopyridines and cyanopyridines. They also used di- 
electric titration, refractive index and density measurements to establ sh the 
formation of the complexes. Aliphatic nitro compounds can also be electron 
acceptors. Thus Lewanska and Lipczynska [108] established the existence of a 
complex of ter-nitrobutane with dimethylaniline in molar proportion 1 .1 by 
measuring electronic spectrum of solutions with different proportions of he 
donor and acceptor, according to the method of constant dilutions of Job 

^Hammond and Burkardt [1421 described the electron accepting properties of 
tetranitromethane. They came to the conclusion that tetran.tromethane inter- 


Hetnarski [1101 in a number of papers has described a new donor - ferro- 
cene It gives EDA complexes with sym-trinitrobenzene, picric acid, picryl chlor- 
ide while using Job's method 1 1091 to establish the ratio between the acceptor 

a " Mo°e°recently T. Urbanski, Hetnarski and Pofudnikiewicz [111] established 
that nitrate esters form EDA complexes with a strong donor - N.N -tetra- 
methyl-p-phenylenediamine. Particularly interesting are nitrate esters with five 
or six ONO, groups, such as D-arabitol pentanitrate, D-mannitol and D-sorbitol 
hexanitrates. A particular stereochemistry of such complexes was suggested with 
nitrate esters coiled in pseudo-rings. Complexes of erythritol tetranitrate with 
biologically important pyrimidine and purine bases were examined by T. Ur- 
banski, Waclawek and Poblocka [112). The ratio donoracceptor was estab- 

lished by examining NMR spectra. 

T. Urbanski, Krasiejko and Pofudnikiewicz (113) suggested using N N - 
tetramethyl-p-phenylenediamine to detect nitrate esters: a magenta colour 
makes the detection easy. 

Like most EDA complexes, those of sym-trinitrobenzene, for example, with 
iV.Af-dimethylaniline show a semiconducting property [1 14) . 


X-Ray Structure 

A considerable number of X-ray examinations of nitro compounds have been 
done over the last two decades. They will be given in the description of particu- 
lar compounds. However, the following are reviews which should be mentioned: 
X-ray analysis of aliphatic nitro compounds, nitrate esters and nitramines were 
described by Novikov and co-workers [7), nitramines by G. F. Wright [115), 
polynitroaromatic addition compounds by Hall and Poranski [116]. The X-ray 


88 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 

crystal structure of EDA complexes - by Prout and J. D. Wright [88] and 
Foster [90] . 

THERMOCHEMISTRY 

Thermochemical data of explosives will be gi w en in the description of par- 
ticular compounds. General problems of thermochemistry of nitro compounds 
was given in the monograph by Lebedev, Miroshnichenko and Knobel [1 17]. In 
recent years a considerable number of contributions have been given by Pepekin 
and co-workers [118] on such problems as the enthalpy of formation of nitro 
and nitramino compounds and nitrate esters and enthalpy of detonation. Also 
Pepekin and co-workers [119] contributed considerably to the solution of 
problems of the energy of dissociation of the bond C-N 3 . 

A very important review article on thermal analysis of explosives was given by 
Collins and Haws [140]. The results of thermal analysis will be described in 
properties of particular compounds. 

MASS SPECTROGRAPHY 

A number of papers have appeared on the fragmentation of nitro compounds 
by mass spectrography. They were reviewed by Beynon [120] and recently by 
Khmel’nitskii and Terentiev [121] therefore only main outlines will be given 
here. Three main molecular ions have been found: M-0 + , M-NO + and M- 
N0 2 + . The first one was present in a small yield 1 2%. There are two schools of 
thought, as far as the mechanism of rearrangement of the molecular ion prior to 
its dissociation. According to some authors [122] the molecular nitro-ion is 
first rearranged into a nitrile. McLafferty and Bursey [123] found a marked 
distinction between compounds having meta and para positions of the nitro 
group relative to other substituents. 

Beynon, Saunders and Williams [122], Fields, Meyerson and co-workers 
[124] compared mass-spectra of isomeric dinitrobenzenes (Table 24) and came 
to the conclusion that meta and para isomers give similar fragments, whereas 
ortho differ considerably. 

The fragmentation of negatively charged molecular ions of mono- and dinitro- 
benzenes does not differ from that of the positive ions [ 1 25. 1 26] . 

Meyerson et al. [127] examined the fragmentation of sym-trinitrobenzene. A 
much more complicated picture appeared from the spectrum with one particular 
feature: the most prominent is the elimination of N0 2 as the first step of the 
fragmentation. 

Experiments with isomeric nitrotoluenes show that the fragmentation of 
meta- and para-isomers is similar to that of nitrobenzene [122]. 

Both isomers are characterized by the high presence, ca. 70%, of the mole- 
cular ion, while nitrobenzene shows 49% and o-nitrotoluene only 25%. The 
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TABLE 24. Intensity of the peaks of mass-spectra of isomeric dinitrobenzenes 

in percentages 


Ions 

ortho 

Isomers of DNB 
meta 

para 

M + 

6.98 

11.00 

10.30 

+ 

M-O 

0.24 

0.63 

0.57 

" 4. 

M-NO 

0.07 

0.21 

0.34 

1— ■ • ^ | 

m-no 2 . 

0.41 

4.76 

4.12 

m-no 2 

0.03 

0.04 

0.09 

M(NO)N0 2 

1.66 

5.82 

3.64 

M(N0 2 ) 2 + 

3.84 

11.20 

9.18 

M N0 2 + HN0 2 
NO + 

2.03 

26.70 

10.80 

17.20 

11.30 

21.30 


spectrum of o-nitrotoluene shows a high peak with a mass of 120 which is not 
present in meta - and para-isomers. According to Beynon et at. [122] it corres- 
ponds to the ion M-OH + with the structure according to scheme (5) 


o 

II 



The ion 20 is losing CO to be transformed probably into the azatrooilium ion 
92. The mass spectra of m • and p-nitrotoluenes yielded only M-NO and M- 
N0 2 + ions. Nitroxylenes and polynitrotoluencs yielded ions M-OH [122]. 

Mass spectrum of TNT yielded ion [(M+H) - OH 2 ] [128]. 

The peak (M-OH) + is present in the mass spectra of all three nitroanilines 
[122,129]. - 

Benoit and Holmes [130] examined a number of o-nitro compounds, such as 
o-nitroanisol, o-nitrobenzoic acid, o-nitrobenzamide etc. to study the ortho- 
effect. They came to the conclusion that two ortho-ejects exist. One is marked 
by the migration of hydrogen from one substituent to another. The second 
effect consists in migration of an atom or a group of atoms from the substituent 
of a vacant place in ortho position. Particular attention is now being paid to 
elucidating different features of the ortho effect. Among interesting facts a 
similar effect was recorded in pen-position in 1 -nitronaphthalene [131, 132]. 
The following mechanism was rationalized by labelling position 8 of the naph- 
thalene ring with 1 3 C [133] : 
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Nitroalkanes: nitromethane, nitrocthane and nitropropanes were examined 
by Collin [1341. 

ELECTROCHEMICAL PROPERTIES 

Galvanic Cells 

Nitro compounds and metals as reducing agents can form galvanic cells 
[ 1 34 1 . Particularly interesting are results with m-dinitrobenzene [135]. The 
system m-dinitrobenzene and magnesium gave a rather high yield of 160 wh/kg 
through the reaction: 

K(NO,), + 4II + + 4c -RtNIIOm, + 11,0 (7) 

in a neutral medium. 

Photoconductivity. It has been found that the conductivity of nitrobenzene 
increases when irradiated with ultraviolet light (136). This will be discussed in 
the paragraph on the photochemistry of nitro compounds. 

Lasers. Chelates of europium with some aromatic nitro compounds with 
phenolic and aldehydic function can be used to produce laser beams [137). 


BIOLOGICAL ACTIVITY OF NITRO COMPOUNDS 

Nitro compounds possess strong biological activity. Moncrieff [138) has 
given a first monograph of such properties as sweet and bitter or pungent taste, 
musk odour. A review by Venulet and Van Etten [139) described the bio- 
chemistry and pharmacology of nitro compounds and included a description of 
antibiotics containing the nitro group such as naturally occurring nitro com- 
pounds, toxic substances with their practical use as insecticides, molluscicides. 
fungicides and herbicides. A separate chapter is dedicated to the toxicity of 
commercially important nitro compounds. 

Reactive aromatic nitro compounds were successfully used as antitumour 
agents. Such is chlorodinitrobenzene (143) and some 2,4-dinitrophenyl deriv- 
atives. such as 5-aziridino-2,4-dinitrobenzamide [144). 
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The toxicity of nitro compounds was discussed in Vol. I in the description of 
particular compounds. This method will be followed in the present volume: any 
novel information on the toxicity of compounds, were available, will be given in 
the description of the compounds. 


REFERENCES 

1. H. H. JAFFE and M. ORCHIN, Theory and Applications of Ultraviolet Spectroscopy. 
p. 182, John Wiley, New York (1 962). 

2. C. N. R. RAO, in. Chemistry of the Nitro and Nitroso Group, (Ed. H. I euer), Part I, 
p. 79. Interscience, New York (1%9). 

3. G. H. WAGNIERE, ibid.. Part I, p. 40. 

4 H. BUCHOWSKI and L SKULSKI, Metody fizyezne w chemu, tfodMmi). 

5.0. V. SVERDLOVA. Electronic Spectra in Organic Chemistry (in Russian). Part II. 

Chapter 3, Khimiya. Uningrad (1973). 

6. V. I SLOVETSKII, Thesis. lOKh AN SSSR. Moscow (1970). 

7. S. S. NOVIKOV. G. A. SHVEKHGEIMER. V. V. SEVOST YANOVA and V. A. 

SHLAPOCHNIKOV, Chemistry of Aliphatic and AlicycUc Nitro Compounds (in 
Russian). Chapter X. Khimiya, Moscow (1974). ...... .... 

8. S. S. NOVIKOV. V. I. SLOVETSKII. V. A. TATRAKOVSKII. S. A. SHEVELEV and 
A. A. FEINZILBERG, Dokl. Akad Nauk SSSR 146. 104 (1962). 

9. V. V. PI Rl KALIN and A. S. SOPOVA, Unsaturated Nitro Compounds (in Russian). 

Chapter X. Khimiya. Moscow- Uningrad (1%6). . ,, lci 

10. 1. KOCHANY and H. PIOTROWSKA. Bull. Acad. Pol. Sci., sfne sci. chim. 21. 351 
(1973). 

11.0. MATSUOKA and Y. I’HAYA, Molec. Phys. 8. 455 (1964). 

12. S. NAGAKURA. M. KOJIMA and Y. MARUGAMA. / Molec. Spectrosc. 13. 174 

13. L^KULSKI and T. URBArfSKI, Roczniki Chem. 34. 1307 (1960); L. SKULSKI. Bull. 
Acad Pol. Sci.. s£ric sci. chim. 10. 201. 207 (1962); 12. 719 (1964); L SKULSKI and 
J. PLENKIEWICZ, Roczniki Chem. 37. 45 (1963); L. SKULSKI and D. AUGUSTY- 
NIAK. Bull. Acad. Pol. Sci., serie sci. chim. 24. 903 (1976). 

14. C. P. CONDUIT. / Chem. Soc. 3273 (1959). 

15. C. DICKINSON. J. R. HOLDEN and M. J. KAMLET. Proc. Chem. Soc., London. 232 

16. E. 9 ^. BRAUDE, in. Determination of Organic Structure by Physical Methods (Eds 
E. A. Braude and F. C. Nachod). p. 174. Academic Press, New York (1955). 

17. C. DICKINSON, J. M. STEWART and J. R. HOLDEN, Acta Crystallogr. 21. 663 
( 1 966 ) 

18. B. KEDZ1ERSKI, H. PIOTROWSKA and T. URBArfSKl. Chem. A Ind., Ixmdon 1302 
(1971). 

19. E. L. ELIEL, Angew. Chem. 84. 779 (1972). 

20. E. G. POLLE. N. N. POLLE, A. Ya. DEICH, Latv. PSR Zinat. Akad. Vestis. Kim. Ser. 
492 (1972); Chem. Abstr. 77. 138977(1972). 

21. P. BARTH. Analysenmethoden von Treib-Explosivst., Intern. Jahrcstagung., Inst. 
Chem. Treib-Explosivst. Fraunhofer Ges. 283 (1977); Chem. Abstr. 89. 156958 
( 1 978) 

22. M BONNAFOUS and J. F. LABARRE, /. Chim. Phys. Physicochim. Biol. 67, 1657 
(1970); Chem. Abstr. 74.47585 (1971). 

23. M. D. GORDON and J. F. NEUMER ,/ Phys. Chem. 78, 1868 (1974). 

24. W. M. SCHUBERT and J. ROBINS, / Am Chem. Soc. 80, 559 (1958). 

25. M. J. KAMLET, R. R. MINESINGER and E. G. KAYSER, / Org. Chem. 36, 1342 
(1971). 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


PHYSICO-CHEMICAL PROPERTIES OF NITRO COMPOUNDS 


93 


L. J. BELLAMY, The Infra-red Spectra of Complex Molecules. Methuen. London 
(1958). 

C. N. R. RAO, Chemical Application of Infra-red Spectroscopy. Academic Press. New 
York (1963). 

E. M. POPOV and V. A. SHLYAPOCHNIKOV, Optics and Spectroscopy (in Russian). 

Moscow (1963). 

/.. BUCZKOWSKI and T. URBA^SKI. Spectrochim Acta 22, 227 (1966). 

G. Y. VARSXNYI, S. HOLLY and L FKNICHEL, Acta Chim. Hung. 41. 309(1964). 
II. K. NAKAMURA. M. HASHIMOTO, T. KINUGASA, R NAKASHIMA and S WAT- 

AKAI. Proc. Intern. Symposium Molecular Structure and Spectroscopy, p. A. 104, 
Tokyo 1 962, Science Council Japan, Tokyo < 1962). 

J. TROTTER, Tetrahedron 8, 13 (1960). 

a. U. DABROWSKA and T. URBAhiSKl. Roczniki Chem. 37. 805 (1963). 

b. Spectrochim. Acta 21. 1765 (1965). 

| . BOISARD, B LINARES, A. DELPUECH and J. CHI RVILLE, Symposium H.D.P., 
Paris (1978). 

W HOI MAN, L. STEFANIAK. T. URBArfSKI and M. WITANOWSKI. J. Am Chem 
Soc 86. 554 (1964). 

Yu. V. BASKOV. T. URBA^SKI. M. WITANOWSKI and L STL E ANIAK. Tetra 
hedron 20. 1519(1964). 
k R FRASER, Can. J. Chem. 38. 2226 (1 960). 

H. SPII SECKE and W. G. SCHNEIDER. / Chem. liiys. 35. 731 (1961). 

I*. DIEHL and G. SVELGLIADO. Ilelv. Chim. Acta 46. 46 (1963). 

E. BULLOCK. Can. J. Chem. 41.711 (1963). 

I J. S. MARTIN and B P. DAILEY. / Chem. Phys. 39. 1722 11963). 

IJ. DABROWSKA. T. URBANSKI. M. WITANOWSKI and L STI I ANIAK. Roczniki 
Chem. 38. 1323 (1964). 

4 J M. WITANOWSKI. T. URBANSKI and L. STEFANIAK. / Am. Chem. Soc 86. 2569 
(1964). 

44 Nitrogen NMR (Eds M. Witanowski and G. A. Webb) Plenum Press. New York. 1973. 

4 5 M. WITANOWSKI. L. STEFANIAK and G. A. Wl BB. Nitrogen NMR Spectroscopy, in. 
Annual Reports on NMR Spectroscopy Vol. 7. Academic Press. London. (1977) and 
references therein. 

46 M. WITANOWSKI. L. STEI ANIAK and G. A. WEBB. Nitrogen NMR Spectroscopy, in. 
Annual Reports on NMR Spectroscopy. Vol. IIB. Academic Press. London. (1981) and 
references therein. 

17, M WITANOWSKI and L. STI I ANIAK./ Chem. Soc. (C) 106 (1967). 

H.C. I . PORANSKI. JR. and W. B. MONI ./ Phys Chem. 71. 1142 (1967). 

49. a. L T. EREMENKO, A. A. BORISENKO. S. I. PI TROV and V. I . ANDRONOV. 
Izv. Akad. Nauk SSSR. Scrio. Khim. 428 (1968). 
b. L T. I Rl MI NKOand A. A. BORISENKO, ibid. 675 (1968). 

10. M WITANOWSKI and S. A. SHEVELLV./ Molcc. Speetrosc. 33. 19 (1970). 

11. M. Ya. MY AG I. E. T. LIPPMAA. T. I. POKIIK. £ A. SHEVI LEV. V. I. I RASIIKO 
and A. A. I AINZILBI RG, Izv. Akad. Nauk SSSR. Set. Khim. 730 (1969). 

.2, M. Y. MYAGI. E. T. LIPPMAA. Ya. O. PAST. V. I. LRASHKO. S. A SHI VI LOV 

r and A. A. I AINZILBIRG. Izv. Akad. Nauk SSSR. Set. Khim. 2089 (1969). 

VI. V. I. I RASHKO. S. A. SHI VELEV. A. A. FAINZILBERG. M. Ya. MYAGI and 
E. T. LIPPMAA. Izv. Akad. Nauk SSSR. Ser. Khim. 958 (1970). 

54. H. A. CHRIST. P. DIEKL H. R. SCHNEIDER and II. DAHN. Ilelv. Chim. Acta 
44,865(1961). 

53. M. WITANOWSKI, L. STEFANIAK and G. A. WEBB / Chem. Soc. (B) 1065 (1967). 
56. R A. OGG and J. D. RAY. / Chem. Phys. 25. 1 285 (1956). 

57. T. URBANSKI, W. SAS and K. KOSlrfSKl. Chem. A Ind.. London 690 (1972): T. 
URBANSKI. M. KRYSZEWSK1, KOSlrfSKI and W. SAS. Roczniki Chem. 47. 757 
(1973). 

IH. M R. BATTAGLIA and G. L. D. RITCHIE,/ C. X Perkin II. 901 (1977). 

59. C DJI RASSI. H. WOLF and E. BRUNNENBFRG. / Am. Chem. Soc. 85. 2835 (1963). 


60. & MALINOWSKI and T. URBANSKI, Roczniki Chem. 25, 183 (1951). 

61. T. URBANSKI, in. Hydrogen Bonding Papers of Symposium at Ljubljana 1957 (Ed. 
D. HadJi). p. 143, Pergamon Press, London (1959); Tetrahedron 6, 1 (1959). 

62 H. E. UNGNADEand L W. KISSINGER, Tetrahedron 19, Suppl. 1, 121 (1963). 

63. P. v. R. SCHLFYER. W. F. BAITINGER. T. S. S. R. MURTY and L. ROBINSON. 
Tetrahedron 20. 1635 (1964). 

64. P. J. KRUEGER and H. D. METTLE, Can. J. Chem. 43. 2888. 

65 M. St. C. FLETT, Spectrochim. Acta 10. 21 (1957). 

66. M. KUHN, W. LUTTKE and R. MECKE.A Anal. Chem. 57,680(1963). 

67. a. H. CAtfUS, H. JANKOWSKA, H. PIOTROWSKA and T. URBANSKI. Chem. A 

Ind.. London 1286 (1959); 

b. E. LIPCZYtiSKA-KOCHANY. J. KOCHANY and T. URBANSKI. Bull. Acad. Pol. 
Sci. s*ric sci. chim. 26. 423 (1978). 

68. a. E. LIPCZYrfSKA-KOCHANY and T. URBANSKI. Can. J. Chem. 55. 2504 (1977); 

Roczniki Chem. 51, 2349 (1977); 

b. E. LIPCZY^SKA KOCHANY, T. URBANSKI and J. LANGER. Pol. J. Chem. 
53. 205 (1979). 

69. L. SKULSKI. Zesz. Nauk. Polit. WarszawskicJ. Chem. No. 5. Warszawa (1966). 

70. L SKULSKI. in. Wiazanie Wodorowe (Hydrogen Bonding) (Ed. L. Sobczyk) p. 33. 
PWN. Warszawa (1969). 

71. A. K LUTSK II and N. I. GOROKHOVA. Teor. Eksper. Khimia 6. 490 (1970). 

72. L SKULSKI. Bull Acad. Pol. Sci., ser. sci. chim.. 14. 23 (1966). 

73. L SJULSKI and W. WACtfAWI K .Bull. Acad. Pol. Sci., siric sci. chim. /V. 277 (1971 ). 
74 K. SEGUCHI. Yukagaku 28. 20 ( 1979); Chem. Ahstr. 91. 56029 0979). 

75. V. Rl IIAK and V. KADI RABI K. Coll. Czech. Chem. Commun. 44. 1613 (1979). 

76. L. W. REEVES. E. A. ALLAN and K. O. STROMMA. Can. J. Chem 38. 1249 (I960). 

77. U. DABROWSKA. T. URBANSKI. M. WITANOWSKI and L. STEFANIAK. Roczniki 
Chem. 38. 1323 0 964). 

78. L K. DYALLand A. N. IIAMBLY. Chem. A Ind., London 262 0958). 

79. T. URBANSKI and U. DABROWSKA. Chem. A Ind.. London 1206 0958). 

80. I. I. SHMANKO. Opt. Spectrosk. 13. 357 (1962). 

81. A. G. MORITZ. Spectrochim Acta 20. 1642 0964). 

82. J. ERITZSCIIE. / Prakt. Chem. (II 73. 282 ( 1 858) Compt. rend. 54. 910 ( I 862). 

83. P HI TP. Lich. Ann. 215. 375 (1882). 

84 P. Ill PP. Lich. Ann. 215. 356 (1882). 

85. S. P McGLYNN. Chem. Rev. 58. 1 1 13 (1958). 

86. G. BRIIGLLB and J. CZFKALLA. Angew. Chem. 72.401 (I960). 

87. G. BRIEGLI B. Llektronen- Donator Acceptor Komplexe, Springer Verlag. Berlin 
(1961). 

88. C. K. PROUT and J. I). W RIGHT. Angew. Chem Intern. Ed. 7. 659 (1968). 

89. H. A. BENT. Chem. Rev. 68, 587 (1968). 

90. a. R. I OSTI R. Organic Charge Transfer Complexes. Academic Press, London (1969). 
b. Molecular Association ; ( Ed. R. Foster) Vol. I. Academic Press, London (1975). 

91. R. S. MULLIKEN. / Am. Chem. Soc. 72, 6000950); 74. 81 1 0952);/ Chem. Phys. 
19. 514 (1951);/ Phys. Chem. 56. 801 (1952). 

92. M. J. S. DEW AR and A. R. LEPLF.Y, / Am. Chem. Soc. 83. 4560 (1961). 

93. R. S. MULLIKEN./ Chem phvsique Phys. Chim btoL 61. 20 0964). 

94. R. S. MULLIKEN. Rec. trav. chim. 75. 84 5 0 956). 

95. S. C. WALLWORK./ Chem. Soc. 494 (1961). 

96. D. S. BROWN. S. C. WALLWORK and A. WILSON. Acta Crystalogr. 17, 168 (1964). 

a. Th. ZEEGERS-HUYSKENS. ThJse, Universite Catholique, Louvain (1969). 

b. M. VAGAONE.SCU and M. lONESCU, Rev. Roumaine de Chimie 16. 105 (1971). 

97. R. WILLSTATTER and M. FISCHER. Lieb. Ann. 400. 192 (1913). 

98. M. GOUTERMAN and P. E. STEVENSON. / Chem. Phys. 37. 2266 (1964). 

99. H. A.O. HILL. A. J. MACFARLANE and R. J. P. WILLIAMS. / C. S. Chem. Commun. 
905 (1967); H. A. O. HILL, A. J. MACFARLANE, B. E. MANN and R. J. P. WILLIAMS. 
ibid. 123 (1968). 


PHYSICO-CHEMICAL PROPERTIES OF NITRO COMPOUNDS 


95 


94 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 

100. R. GRIGG, J. TROCKA-GRIMSHAW and T. J. KING. J.CS. Chem. Commun. 571 
(1978). 

101. B. MORRIS and P. D. JACOBS. The Analytical Chemistry of Industrial Poisons, p. 727, 
Interscience. New York 1949. 

102. M. TARAS1EWICZ, Chemia Analityczna 19. 167 (1974). 

103. M. FRANCK-NEUMANN and P. JOSSANG, / Chromatog. 14. 280 (1964). 

104. A. K. DWIVEDY. D. B. PARIHAR, S. P. SHARMA and K. K. VERMA ./ Chromatogr 
29. 120 (1967); D. B. PARIHAR. S. P. SKARMA and K. K. VERMA. ibid. 29. 258 
(1967); 31, 1 20 ( 1 96 7); h'xplosivst. 12. 281 (1968). 

105. Th. SEVER IN, Chem. Ber. 92. 1517 (1959). 

106. R. FOSTER and T. J. THOMSON, / Chem. Soc. 1059 (1962). 

107. Z. WACtfAWEK and J. HURWIC, Roczniki Chem. 41. 1993 (1967). 

108. K. LEWArfSKA and E. LIPCZYrfSKA. Bull Acad. Pol Scl. s6rie. sci. chim., 18. 601 
(1970). 

109. P. JOB. Compt. rend. 180, 928 (1925). 

1 10. B. HETNARSK1, Dokl. Akad. Nauk SSSR 156. 604 (1964); Bull Acad Pol Sci.. s*rie 
sci. chim., 13. 515, 557, 563 (1965). 

HI* B. HETNARSKI, W. POtfUDNIKIEWICZ and T. URBAtiSKI. Tetrahedron Lett. 3 
(1970); Bull. Acad. Pol Set, s*rie sci. chim. 18. 385. 405 (1970); T. UKBArfSKI. 
B. HETNARSKI and W. POtfUDNIKIEWICZ. Can. J. Chem. 50. 3340 (1972); T. 
URBAtiSK! and W. POtfUDNIKIEWICZ. Bull Acad Pol. Sci., s<ric sci., chim. 21. 87 
(1973). 

1 1 2. T. UKBaNSKI, W. WACI'AWEK and K. POBtfOCKA. Can. J. Chem. in press. 

113. T. URBAtiSKI. T. KRASIEJKO and W. POtfUDNIKIEWICZ. / Chromatogr. 84. 
218 (1973). 

1 14. M M. LABES. R. SEHR and M. BOSC.7. Chem. Phys. 32. 1570 (I960). 

1 15. G. F. WRIGHT, in. The Chemistry of the Nitro and Nitroso Groups. (I d. H. Feucr) 
Part I. p. 674. Interscience, New York. 1969. 

1 16. Th. N. HALL and Ch. F. PORANSKI. JR., ibid. Part 2. p. 333. 1970. 

117. Yu. A. LI BEDI V, E. A. MIROSHNICHENKO and Yu. K. KNOBEL. Thcrmochem 
istry of Nitro Compounds (in Russian), Mir. Moscow. 1970. 

118. V. I. PEPEKIN. F. Ya. NATSIBULLIN, L. T. EREMENKO and Yu. A. LEBEDEV. 
Izv. Akad. Nauk SSSR. 925 (1974); V. I. PEPEKIN. Yu. A. MATYUSHIN and Yu. A 
LEBEDEV. ibid. 1786 (1974); V. I. PEPEKIN. M. N. MAKHOV and Yu. A. LEBEDEV. 
Dokl Akad. Nauk SSSR 232. 852 (1977). 

119. V. I. PEPEKIN. R. D. ERLIKH, Yu. N. MATYUSKIN and Yu. A. LEBEDEV. Dokl 
Akad. Nauk SSSR 214. 865 (1974). 

1 20. J. H. BEY NON. Mass Spectrometry, p. 406, Elsevier. 

121. R. A. KHMEL'NITSKII and P. B. TERENTIEV. Vspekhi Khim. 48. 854 (1979) and 
references therein. 

122. J. H. BEYNON. R. A. SAUNDERS and A. E. WILLIAMS. Ind Chim Bclg. 311 
(1964). 

123. M. M. BURSEY and F. W. McLAFFERTY./ Am. Chem. Soc. 88. 5023 (1966). 

124. S. MEYERSON, J. PUSKAS and E. K. FIELDS. / Am. Chem. Soc 88. 4974 (1966); 
E. K. FIELDS and S. MEYERSON. / Org. Chem. 37. 3861 (1972). 

125. C. L BROWN and W. P. WEBER. / Am. Chem Soc. 92. 5775 (1970). 

1 26. J. H. BOWIE, Org. Mass Spectrom 5. 945 (1971). 

127. S. MEYERSON, R. W. VANDFR HAER and E. K. FIELDS, / Org. Chem. 37. 4114 
(1972). 

128. R. G. GILLIS, M. J. LACEY and J. S. SHANNON. Org. Mass Spectrom 9. 359 (1974). 

129. G. SCHROLL. R. G. COOKS, P. KLEMMENSF.N and S. LAWESSONN, Arkiv Kemi 
28,413 (1968). 

130. F. BENOIT and J. L. HOLMES, Org. Mass Spectrom 3. 993 (1970). 

131. J. HARLEY-MASON. T. P TOUBF and D. H. WILLIAMS. / Chem. Soc. B 396 
(1966). 

132. J. H. BEYNON. B. E. JOB and A. E. WILLIAMS, / Chem Soc. B 396 (1966). 

133. T. H. KINSTLE, J. R. ALTHAUS. J. G. STAM and J. BECKER, according to D. H. 


Williams. Chemistry in Britain 4, 5 (1968). 

134. E VOSS. Chem-Ing.-Techn. 42. 199 (1970). 

135. M. A. GUTJAHR and K. D. BECCU, Chem,lng.Techn. 42. 202 (1970). 

136. G. BRlfRF and F. GASPARD. / Chim. Phys. 67, 1051 (1970); Chem. Phys. Lett. 7, 
537(1970). 

137. Philips Electronic and Associated lnd. Ltd. British Patent 988822 (1965). 

138. R. W. MONCRIEFF, Biological Activity of Nitro Compounds. The Chemical Senses, 
Leonard Hill, London, 1944. 

139. J. VENULET and R. L. VAN ETTEN, in. The Chemistry of Nitro and Nitroso Group. 
(Ed. H. Feuer) Part 2. Interscicnce, New York, 1970 and references therein. 

140. L W. COLLINS and L. D. HAWS. Thermochim. Acta 21, 1 (1977). 

141. J. DREGERIS, L. GERCA and J. FREIMANIS, Latv. Akad. Vestis, Kim. Scr. 728 
(1980); J. FREIMANIS. A. MALMANIS. Yu. GOLDBERG and M. SHYMANSKA. 
Polish J. Chem. 55 1289(1981 ). 

142. P. R. HAMMOND and L A. BURKARDT ,/. Phys. Chem 74. 639 (1970). 

143. O. KLEIN, according to: Terapia i Leki 25. 135 (1975). 

144. A. H. KHAN and W. C. J. ROSS. Chem Biol Interactions 1. 27 (1969/70); 1 1 (1971/ 
72). 

145. R A. KHMI LNITSKII and P. B. TERENTYEV. Uspekhi Khim. 48, 854 (1979). 


97 


CHAPTER 4 

REACTIVITY OF AROMATIC 
NITRO COMPOUNDS 

- (Vol. I, p. 192) 


■t number of reactions of nitro compounds were described in the well 
i monograph edited by H. Feuer which forms a part of the monographs 
d by S. Patai |1 ] . Reference will therefore be made to these and some other 
i and only the most important and more recent papers will be given here. 

iSTITUTION (HETEROLYTIC AND HOMOLYTIC) 

It is well known that heterolytic substitutions occur through ’electrophilic^ 
d ‘nucleophilic* attacks produced by cation E + (‘electrophile*) and anion Nu 
leophile’) respectively. Homolytic substitutions involve the action of 
arged free radicals. 

In electrophilic and nucleophilic substitution of aromatic nitro compounds 
"erent directing effects are dictated by electron distribution. The simple case 
nitrobenzene rr-electron distribution is given in diagram Fig. 14a 12], and the 
e valence of aromatic cations of nitrobenzene C^UsNOj is given in Fig. 14b 

^Both diagrams show that electrophilic substitution should occur mainly in 
teta position, whereas the nucleophilic one should yield mainly ortho and para 
ubstituted products. 
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Another approach consists of the calculation of relative rates for substitution 
from the atom localization energies of Wheland. It gives a more qualitative 
insight. However in the instance of homolytic reactions at 80°C the relative 
reaction rates are better approaching the experimental results (Fig. 14c). 


ELECTROPHILIC SUBSTITUTION 

A few monographs have been dedicated to the description of electrophilic 
substitution of nitro compounds in general (2, 5-7] and a review has been 
published on the subject [8]. The mechanism of nitration was discussed in 
Chapter II. Nitration with N0 2 + containing agents belongs to the mechanism 

SE 2 as already mentioned in Chapter II. 

Diagrams Fig. 14a-c - shows that substitution can occur not only in meta, 
but also in ortho and para positions. According to the diagrams it should be 
expected that the proportion of ortho isomer should be superior to that of the 
p-dinitrobenzene. Indeed this is in agreement with the experiment: the propor- 
lion of o-dinitrobenzene is larger and at high temperature of nitration much 
larger than that of p-dinitrobenzene (Vol. 1, p. 243, Tables 38 and 39). 

Also in the homologues of benzene the influence of alkyl groups should not 
be neglected, their directing influence being ortho and para. 

NUCLEOPHILIC ADDITION AND SUBSTITUTION (Vol. I, p. 197) 

One of the characteristic features of aromatic nitro compounds, particularly 
those with two or more nitro groups is their ability to react with bases and in 
many instances the reaction is accompanied by an intense colour. The colour 
had caught the attention of chemists by the late nineteenth century and initiated 
a considerable amount of research on the nature of the formed substances. Thus 
considerable literature appeared on reactions known as Janovsky or Jackson- 
Meisenheimer or Meisenheimer reactions which are discussed later. They are 
nucleophilic reactions and are not only of theoretical but also of practical im- 
portance. Thus the Janovsky reaction became an important analytical method, 
and reactions of di- and trinitrobenzene and their homologues with bases, arc of 
great importance in the problem of the safety of manufacture and of the stability 
of these nitro compounds. 

The reactions of nitro compounds with bases are nucleophilic reactions and 
recently have received much attention. Numerous monographs include chapters 
on nucleophilic substitution of nitro compounds and review articles have been 
published. Such are the excellent reviews by de Boer and Dirkx (9] , Hall and 
Poranski [10] . References in [9] are brought up to 1966, and it seems appropri- 
ate to complete the list of review articles by mentioning the later review papers: 
Challis [11], Buncel and co-workers [12], Miller [13] , Pietra [14], Buck [15], 
Crampton [16], Strauss [17], Bemasconi [18], Sekiguchi and Yuki [19], 
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a [20], Komblum [144], Bolton [174], Blumenfeld and co-workers 




o excellent monographs appeared recently on analytical problems of ex- 
t. Gawargious [179] gave a description related to the nitro group. Yinon 
trin [189] tackled a wide range of analysis of various explosives, 
wever the analytical problems are outside the scope of the present book. 




OPHILIC DISPLACEMENT OF NITRO GROUP 


leophilic displacement of aromatic nitro group was recently reviewed 
ck [234]. An attention was drawn to his own work and that of Cadogan 
workers [225, 226], e.g.: 


a: 


(X, 


X- PO/OCjHj/j . 
PO/CHj/OCi H* . 
PO(C*H,), 


SON-MEISENHEIMER REACTION (OR MEISENHEIMER REACTION) 

0- COMPLEXES 

early as 1895 Lobry de Bruin [22] described a red solid which he isolated 
the reaction of 1 ,3,5-trinitrobenzene with potassium hydroxide in methanol. 

cr [23] suggested this to be a complex compound. Hantzsch and Kissel 
rationalized that the complex might be a potassium salt of aci-form of one 
group. Jackson and Gazzolo [25] suggested in 1900 two structural formulae 
e sodium salt obtained by acting with sodium methoxide on 2,4,6-trinitro- 

1- Fig. 15a. Meisenheimer [26] (probably unaware of Jackson’s paper) 


CHjO 

OjN\ 


OCH. 


CltjO 

* 

0,N\ 


OCH, 

/NO, 


i i 
i — • 


• » 

O^ ^OM 


M = Na. K 


FIG. 15. Jackson-Meisenheimer 0 complexes (a) former, (b) current method 

of writing. 
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suggested the same formula for potassium salt. Jackson and Earle [27] supplied 
analytical proof of the structure. 

Jackson-Meisenheimer compounds are now recognized as a-complexes. 
Currently their mode of writing is given in Fig. 15b, and the formation presented 
in diagram (1): 



This can be classified as a SNAr mechanism. 

Attention should be drawn to the fact that the reaction is reversible and 
under the action of an acid, the starting nitro compound is formed. 

Naphthalene analogues of Jackson Meisenheimer complexes were described 
[28, 42] and 9-anthraccne derivative has already been discussed by Mcisen- 
heimer [26] . 

A few heterocyclic Jackson-Meisenheimer complexes were recorded, viz.: 
I [29] ; II [30]. Vickery [31a] rationalized the structure of the complex (111) 
obtained in 1883 by Lobry de Bruin [31b] while acting with potassium cyanide 
on m-dinitrobenzene. 

Similar o-complexes (IV) can be obtained by acting with CH 3 0“ on pier- 
amide and its derivatives [32-34. 37] . 



Gold and Rochester [32] and Pollitt and Saunders [35] examined electronic 
spectra, Dyall [36] infra-red spectra of o-complexes. NMR spectra were studied 
in the pioneering work of Crampton and Gold [37] , the works were reviewed by 
Hall and Poranski [10] and Crampton [38]. More recent works were done by 
Norris [39] and Epiotis [40] . Kinetic studies of o-complexes were made by a 
number of authors [41, 42] and thermodynamic control by Fendler and co- 
workers [43]. Bernasconi [18] reviewed the work on kinetic behaviour of o- 
complexes. 

In their recent work Crampton and Gibson [33] used a modern technique of 
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opped flow and T-jump spectrometry in their study of the reaction of Aralkyl 
ramide and CH 3 CT~. 

All of these works confirmed in principle the structure of Jackson- Meisen- 
imer complexes. It was also supported by X-ray analysis by Simonetta and co- 
orkers [44] and Ueda and co-workers [45] with one correction: the length of 
c bonds between carbon atoms 2-3 (and 5-6) is relatively short (1.35 A), 
ose to the length of the olefinic bond. Subsequently the original formula - 
Ig. 15a -with quinoid structure should be preferred. Crampton and Gold 
37b] arrived at a similar conclusion. 

However, Heilbronner, Zollinger and co-workers [46] came to the conclusion 
at the existing formula of Jackson- Meisenheimer complexes is insufficiently 
act in the light of the present theories of molecular orbital calculation. By 
'ng HMO method a shifting of 7r-electrons by the nitro groups should be con- 
ered. Thus the reaction of trinitroanisbl with the methoxy anion can be 
picted by diagram (2): 

OCHj CHjO OCII, 

NO, 4 ** 

CH,0‘ Ta.iT (2) 


N(), a 


An interesting and novel approach to the Addition- Rearrangement-hlimin- 
lion mechanism of tautomeric migration was recently reviewed by Minkin, 
khnovich and Zhdanov [217]. The review also contained N,N‘ transfer of 
,4-dinitro- and 2,4.6-trinitrophenyI groups in a scries of benzamidine derivatives 
2 IK, 219] and a description of previously unknown dipolar Meisenheimer spiro 
mplexes. The authors point out the importance of this work to the design of 
w tautomeric systems with short living intermediate species. 

Jackson- Meisenheimer type complexes can become intermediates which are 
rther transformed into products of nucleophilic attack. Bowie [47] has pro- 
ced diagrams as follows: 



Nu 


NO, 


.NO, 


♦ Nu 



* 


NO, 


NO, (a) 


NO, 


NO, 


NO, 


♦ H 


(3) 


<b> 


Nu 
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An interesting reaction of converting nitrobenzene intop-nitrosophenol [48] 
was now rationalized in terms of the formation of Jackson-Meisenheimer inter- 
mediate, according to scheme (4): 



Practical Significance and Application of Jackson-Meisenheimer Reaction 

The Jackson-Meisenheimer reaction is of considerable theoretical and prac- 
tical significance for analytical and preparatory work in the laboratory and in 
industry. The latter refers to replacing halogen or alkoxy groups in nitroaro- 
matics by acting with bases and it received full attention in Vol. I (pp. 197, 453, 
461 , 467, 484, 545, 547, 549, 559, 563, 571 ) and Vol. Ill (pp. 47, 61 ). 

The reaction should be rationalized in terms of the formation of intermediate 
o-complexes [21, 42] : 



A free-energy contour diagram of reaction (5a) is given in a review paper 
[18]- 

Fluoro-2,4-dinitrobenzene is extensively used in the determination of N- 
terminal groups in peptides. A number of other nitro compounds reacting with 
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lcophiles are in use in biochemical work. A very wide description of the 
ructure, kinetic properties and equilibrium of Jackson- Meisenheimer com- 
xes was recently given by Terrier [223] . For review see [50] . 

J. Urbariski [51] developed a nucleophilic colour reaction of dinitroarene- 
Iphonic esters with primary and secondary amines and quaternary ammonium 
ydroxides. The reaction was originally used to determine small quantities of 
poxy groups in polymers. The coloured products possess the structure of o- 
mplexes, for example V: 


SOjC.H, 


OCH, NO. 




NRR' 


Jackson- Meisenheimer complexes can serve in obtaining nitro derivatives of 
diphenyl. An original approach to this type of reaction was given by Wenner- 
strom [52] . He reacted a derivative of phenylsilver with 13.5-trinitrobenzene in 
the presence of pyridine. The oxidation of the o-complex yielded compound VI. 

REACTION POTENTIAL MAP (RPM) 

The calculation of the Reaction Potential Maps (RPM) [215] is a new kind of 
molecular reactivity index which is very helpful in elucidating the site selectivity 
observed in some chemical reactions. This was a development of the original cal- 
culation of electrostatic potential maps (EPM) by Bonaccorsi and co-workers 
[216]. 

The RPM method was proposed by Klopman et al. [215] to elucidate the 
reaction of ambient nucleophilic agents such as S CN with hard and soft 
electrophiles: picryl fluoride and iodide respectively. The products contain the 
groups C-NCS and C-S CN respectively. 


MYCELLAR NUCLEOPHILIC REACTIONS 

Bunton and co-workers [53] made a significant contribution to reaction (6, 
X = halogen) by introducing cationic surfactants (detergents) which effectively 
catalysed the reaction of dinitrohalobenzenes with nucleophiles in aqueous solu- 
tion by forming cationic mycelles. Cetyltrimethylammonium bromide and 
chloride (CTABr and CTAC1) were used. Thus Bunton and co-worker^ [54] 
reported that the reaction of 2 , 4 -dinitrofluorobenzene with C 6 H 5 0 and 
C 6 H 5 S“ was catalysed by CTABr by factors 230 and 1100 respectively. Also 
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the reaction of arene sulphonates with amines can be catalysed by cationic 
mycelles [55] (6): 


0,N 


NHR 


NO, 


NH, R 


o 2 n 


NO, 


X * NO, . CFj 

It should be pointed out that the reaction is inhibited or unaffected by 
anionic surfactants. 


JANOVSKY REACTION (Vol. I, p. 207) 

The Janovsky reaction became an important analytical test which could be 
used to detect both reagents: di- or trinitro-compounds or ketones and alde- 
hydes. The modification of the reaction consisting in the use of m-dinitrobenz- 
ene as a test for 17-ketosteroids is sometimes called the Zimmerman reaction 
[15,56]. 

The Janovsky reaction was reviewed by Hall and Poranski |10], Buck [15], 
Strauss [17] and more recently by Gitis and Kaminskii [57]. The structure 
given in Vol. I, p. 209 is now regarded as incorrect. Instead formulae Vila, Vllb 
and for 1 ,3.5-trinitrobenzcne VIII (see also Vol. I, pp. 2 10-21 1 ) are now accepted. 
They were suggested by Hantzsch and Picton [58] as early as 1909 and more 
proof was given in their favour by Gitis and Kaminskii [59], Foster and Fyfe 
[60] , Severin and Schmitz [61 ] and Kimura [62] . 


H CHjCOCHj 
M -NO, 


O, N 


H CHjCOCHj 
^ -NO, 


CHjCOCHj 


NOj 

Vllb 


VIII 


Similar to the reaction by Jackson- Meisenheimer the formation of com- 
pounds VII-VIII is reversible and acids reproduce the substrates. 

These compounds however form the first step of the Janovsky reaction. They 
can further react to yield bicyclic products (IX) according to Strauss and Schran 
[17, 63] , Kohashi, Ohkura and Momosa [64] (7) 
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o 


H CHjCOCHj 


no. 



=no; 



IX 


The mechanism of formation VII and IX was rationalized by Sosonkin and 
orkers [65) using ultraviolet, infra-red and ESR techniques. 


ION OF BASES IN NUCLEOPHILIC REACTIONS OF NITRO 
MPOUNDS 

Nitro compounds can react with carbanion through the nucleophilic median- 
!• Carbanions (as well as radical anions and free radicals) can be formed by the 
ion of strong bases on nitrocompounds. Russell and co-workers |66| pre- 
ted it in scheme (8): 



( 8 ) 


NO, 


Jackson -Meisenheimer 
complexes 


Radical anion and 
free radical 


Mgkosza and Jawdosiuk [67] have found that nitrobenzene can react exo- 
thermally with nitriles in the presence of such bases as NaOH, NaNH 2 and 
CHjONa and in various solvents. Substitution in para position can occur. The 
yield was greatly influenced by the solvent. The highest (15%) was in liquid 
•mmonia and THF at —60 to — 30°C. 

Mijkosza [20, 68] developed a new two phase nucleophilic reaction which 
consists in the use of quaternary salt of a cation (Q + ) - most frequently tri- 


ethylbenzylammonium (TEBA) - chloride suggested originally by Jarousse 
[126] . The cations of TEBA are present in the aqueous phase containing a con- 
centrated solution of NaOH (usually 50%), whereas organic phase, inmiscible 
in water, contains the nitro compounds and a nitrite, for example 2-phenylpro- 
pionitrite. The reaction is now known as Jarousse-Mi#kosza' or M^kosza 
reaction. 

Thus p-chloronitrobenzene does not react with 2-phenylpropionitryl in 50% 
aqueous NaOH, but the addition of a catalytic quantity of TEBA chloride imme- 
diately produces an exothermic reaction with the yield ca. 80% of the substitu- 
tion product. 

A model depicting a variety of reactions is 4-chloro-4-nitrobenzophenon (X). 
It contains four possible positions of attack: 


3 



X 

All these positions can be attacked by a suitable nucleophile, as can be seen 
in schemes (9-12) [69-71). 


1 . Substitution of the nitro group 



2. Substitution in position 2 



( 10 ) 


3. Attack of the carbonyl group 


( ftH,, Ml, ♦ A 



CTC Vol.4 - K 


* 

i 
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4 . Substitution of chlorine 


NH ♦ A 


o 


(12) 


Another kind of substitution of nitro compounds was ‘vicarious’ substitution 
12 , 73) , which takes place when the attack is carried out by a nucleophile 


X - where X is a leaving group in a form of anion 
/ \ Y is a group stabilizing carbamon 

Y K 


An example of such a substitution is reaction (13): 


CICHjCN 


( 13 ) 


CHjCN 


An example of nucleophilic substitution combined with a partial reduction of 
the ni.ro group was given by Davis and co-workers [74-761 . They examined .he 
action of phenylacetonitryl anion on nitrobenzene and found that it formed a 
substitution compound with a p-quinoid ring according to scheme ( ) 


son 


a NO * I KOII ♦ C’lljOtl fill 

* ™ CM » CN H 

( 


( 14 ) 


CJh <n 


Cine-nucleophilic substitution is an interesting example of "“cleophiUc aub- 
stitution with the loss of a ni.ro group. This was reviewed [77| and afew ne 
examples were given: by Barnett. Dickens and Wes. [78] and by Markwell | | 

The latter work gives an example of such substitution (15). 


R,N 


NO, 


NHR, 

heating 


( 15 ) 
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-jsrss arse: 

TNT through tht «.ton ot , 1Jch „ c> « of hunting. Titty 

Si " d “ ■ * 41 11 

Nemours 1220) . 

action of grignard reagent on nitro compounds 

(Vol. I, p. 186) 

tSS Severrn (Vol. U p. 1ST. 

SSEI *"* and R 

Schmitz [831 described fully the reaction as below (16). 



Similarly m-d, nitrobenzene yielded a cyclohexene derivative (X.) |84[ 


R 



NO, 


XI 
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Recently Bartoli and co-workers [85-87] have published a number of papers 
dedicated to the systematic study of the reaction of aromatic nitro compounds 
with Grignard reagent. They confirmed the nucleophilic character of the alkyl- 
ation of the ring. They also found that under their experimental conditions the 
nitro group was reduced to the nitroso group (17): 


0 v /OMgBr 


♦ 2 KMgBr 


OMgBf 


However p-nitroanisol gave an •anomalous' reaction (in the findings of Bartoli 
et al.). The main product was 3-alkyl-4-nitroanisel and only a small quantity of 
nitroso compound was found (18): 


Bartoli and co-workers pointed out that their results did not contradict those 
of Severin and the differences were due to the different substrates and different 
experimental conditions. 

Interesting cases of reactions of metal salts of secondary amines with nitro- 
benzene have also been recorded. Thus Montmollin [142] reacted potassium salt 
of carbazol with nitrobenzene. The nucleophilic substitution of nitrobenzene 
occurred in para position to the nitro groups. A similar reaction with diphenyl- 
ii mine [143] has also been described. 
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REACTION OF AROMATIC NITRO COMPOUNDS WITH DIAZOMETHANE 

(Vol. I,p. 195) 

The reaction of 1 , 3 , 5 -trinitrobenzene with diazomethane was carried out as 
early as 1898-1900 [88, 89], but only recently de Boer rationalized it as a 
nucleophilic addition leading to seven member ring condensed with two cyclo- 
propane rings when the molar ratio of trinitrobenzene to diazomethane was 1 :3. 
The first step of the reaction was a type of Jackson- Meisenheimer complex 
(A,) and the final product was trismethylene-trinitrobenzene (A 2 ) [90-92a] 
(19). The reaction is temperature dependent: at — 80°C compound (A 3 ) was 

formed. 

With an excess of diazomethane (molar ratio 1 :4) the last double bond can 
enter the reaction forming a stable pyrazoline ring not a cyclopropane (20) 



A3 


A similar reaction was given by picric acid which in the first instance was 
methylated to trinitroanizol [93] . 

MECHANISM OF RICHTER REACTION (Vol. 1, p. 205) 

In Richter reaction m - bromobenzoic acid may be obtained by reactinj 
potassium cyanide with p-nitrobromobenzene. The original mechanism of th< 
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reaction given by Bunnett (Vol. I, p. 205) was further developed and can be pre- 
sented in the form of scheme (21) [94, 95] . 



NUCLEOPHILIC SUBSTITUTIONS IN GAS PHASE 

Nucleophilic substitutions can be carried out in gas-phase. Such reactions arc 
much faster than in solution. They were recently reviewed by Bowie [47]. Some 
of these reactions are produced by radical anions. 


REACTIONS OF RADICAL IONS 

The reactions of radical ions form an important part of organic chemistry and 
a monograph [96] and review articles [97-101 ] have appeared. 

A radical ion is a molecule which in addition to one or more unpaired elec- 
trons has a positive and negative charge in radical cation and anion respectively. 
A formal presentation is shown in diagrams (22) according to [ 100] : 


M + e — M • radical anion (a) 
M-e M * radical cation (b) 


(22) 


Radical anions of nitro compounds 

The radical anions of nitrobenzene and substituted nitrobenzenes may be 
formed by electrolytic or metal reduction [100|. 


11 


i 


REACTIVITY OF AROMATIC NITRO COMPOUNDS 

n- — z* 

.0 Vie* dining l [1021 . The reaction can pro 
ceed through a radical chain mechanism [103] (23). 

p-NOjCVUCII, p- NOjCJLOir ( a ) 

p.NO,CJir ^NO.Ca.LC.1, — |p NO,C.»UCH,l * + p-NO,CJUC»i; , (b) (23 

p-NO,C*ILCIi; + p-NO,C*H4C!ir — b-NO.C.ILCHjCH.C.ILNO^I • (c) 

„ it ™ workers [104] also examined the action of potassium 
Ru “' nitrotoluene 2 4-dinitrololuene, 2,4.6.trinitrotoluene, m-dinltn 

d °T. e ' Grinder' [1051 described a reaction of p-nitroben/.yl chloride wit 
Hass and Bende I * 2-nitropropane. The mechanism of the r 

ZXTSSSS •Contb.unt and co-woricers ,106, and Husse.i a, 

Danen [107] as a sequence of chain reactions. 

p.NO,c.u.n + (cii,),c . Nor — 'f'-MNO, + Ip-no, c.mnp (a) 

Ip-No.c.iunr — -p-NO.C.IUCII, + ct 
n.NO.C.II.C,,; + (CH.I,C- NO,- — b-NO.c.H.cii.ctni.hNO.r («) (2 

|p.NO,C.H,CH,C(CH > ),NO,r + P-NO.C.H.Ctl.CI — - 

p-NO, C. 1 1. O I , C(CI I, ), NO, + |p NO, C.II.CII,CI| 


(d> 


benzene and trialkylamines. 
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An interesting example of a radical anion reaction is the action of oxygen 
negative ion formed in chemical ionization in a mass spectrometer (109| : 


p-no,C.H 4 CI + 07 


p-nOiC^o - * no 


(26) 


Nitroaromatics can act as catalysts of some oxidation reactions, such as the 
xidation of benzoin [110] and polynitroaromatics in the oxidation of *hin- 
red* phenols [111). Russell and co-workers [ 1 1 2a, b) rationalized it in terms of 
dical ion reactions where the radical ion Ar NOJ 7 activates oxygen (27): 


Ar NO,* + o, 


Ar NO, + O?. 


(27) 


REE RADICAL REACTIONS (Vol. I, p. 2 1 2) 

A few monographs have been dedicated to free radical reactions including 
bstitutions. The most important are those by Williams (113) and Sosnovsky 
1 14) and a review article has appeared concerning the homolytic substitution 
I nitro compounds (115). 

The nitro group activates aromatic rings towards a homolytic substitution. As 
ously pointed out the nitro group directs a substitution into ortho and para 
lions through the greater availability of an unpaired electron at the ortho 
d para positions and a greater stability of ortho and para quinoid which can be 
rded as intermediates of some homolytic substitutions. 

me of the main reactions of aromatic nitro compounds with free radicals 
given here (116). Nitrobenzene reacts with hydroxyl produced by hydrogen 
de ferrous salt reaction (28) 


Fe** + H,0, 


Fe* + HO + HO'. 


(28) 


S Hie reaction furnished o-, m - and p-nitrophenols with yields of 25-30%, 
id 25% and 50-55% respectively. 

I Another typical free radical reaction is that of mercuration of nitrobenzene 
Willi mercuric acetate in a non-polar solvent (117) (29): 




NO, NO, 

R / Hg(OOCCH»>g R / 

^HgOOCCII, 


(29) 


Ortho and para isomers are formed in proportion in 57%, and meta in 43%. A 
relatively large proportion of meta isomer is probably due to the lack of a clear 
demarcation line between the electrophilic and the radical substitution. 

A partial radical substitution may be responsible for the nitration of nitro- 
benzene to dinit robenzenes by nitric acid in the presence of mercuric oxide 
reported by Ogata and Tsuchida (118). They found 26% of o- and only 24% 
m-dinitrobenzenes. 

Hey and co-workers (119-124) studied the arylation of nitrobenzene 
through the action of various sources of aryl radicals p-R C 6 I1 4 generated from 
such sources as diazotates (p-RC 6 H 4 N 2 ONa), nitrosoacylarylamines (p- R 
C 6 H 4 N COCH 3 ) and acyl peroxides (p-R C 6 H 4 C0 2 ) 2 . The average substitution in 

NO 

the meta position for R = Br and CH 3 was only 12.1 and 8.6% respectively and 
was independent of the source of aryl radical. 

The phenylation of nitrobenzene gave the figures shown in Table 25. 


TABLE 25. Substitution of nitrobenzene with phenyl radical 

(average figures) 




Nitrophcnyls % 


Source of phenyl radical 

ortho 

meta 

para 

Sodium benzencdiazotatc 

54 

9 

37 

Benzoil peroxide 

59.5 

8.5 

32 


However, when the free radical is p-nitrophenyl, the proportion of meta 
isomer increases. This is explained by the fact that the radical p-N0 2 C 6 H 4 is 
somewhat electrophilic in character. 

Hey and Grieve (125) found in 1934 that the nitro group activates the aro- 
matic ring towards homolytic substitution. For example, the competitive phenyl- 
ation of toluene and nitrobenzene by phenyl radicals showed that the yield of 
nitrodiphenyls was about four times greater than the yield of methyldiphenyls. 

Hey and co-workers (119, 121, 124) gave a quantitative analysis of the rate 
of homolytic attack on nitrobenzene as compared with that on chlorobenzene. 
The phenylation of nitrobenzene gave proportions of ortho, meta and para pro- 
ducts: 58, 10 and 32% respectively, whereas the phenylation of chlorobenzene 
yielded 62, 24 and 14% respectively. However when the entering group is more 
electrophilic than benzene (e.g. o - and p-nitrophenyl radicals) the proportion 
of meta substituents increased. 

Fields and Meyerson (127) have described in numerous papers the formation 
of free radicals from aromatic nitro compounds at temperatures of 400-600 C. 
Their work has been summarized in a review paper (128). They found that the 
C — N bond in nitroaromatics breaks above 400°C generating phenyl and similar 
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aromatic radicals. The decomposition at 600° C seems to be closely paralleled to 
its decomposition under electron impact in a mass spectrometer. Nitrobenzene 
at 600°C, gave within 20 s. a 30% yield of phenol, biphenyl, dibenzofurane, 
benzene, hydroxybiphenyl, nitrobiphenyl and in some instances of naphthalene. 

In the presence of benzene, toluene, pyridine and tiophene, considerable pro- 
portions of biphenyl and terphenyl and their homologues and analogues were 
formed. 

The mechanism of the reactions is rationalized by the authors, as follows 
(30): 


C*H,NO, + NO, 

| slower 

C*H, ONO — - C.11,0* * NO 

1 1 H| 

Call, 011 

( „||« — — •• biphenyl an-J terphenyl. 


(30) 


Naphthalene can be formed, according to the authors, through the inter- 
mediate formation of benzyne. 

A few more free radical reactions of nitro compounds should be mentioned. 
Some of these reactions are photo-induced and are described in the chapter on 
otochemistry of nitro compounds. 

In 1866 Kekule [129) described the reaction of nitrobenzene with bromine 
■t 250°C which under pressure yielded tetra- and hexabromobenzene [130), 
thus the replacement of the nitro group by bromine occurred. Later it was found 
131) that chlorobenzene was the main product when acting with chlorine on 
trobenzene at 375°C in 46 s contact time with only a small proportion of 
oronitrobenzenes. The substitution of nitro groups in m-dinitrobenzene by 
orine in gas phase at 200-300°C appears to be a commercial method of 
ufacturing m-dichlorobenzene (132). Ponomarenko [133) studied this 
tion and found the yield to be 92%. He also stated that aromatic nitro com- 
nds are transformed into chloro derivatives by acting on nitro compounds 
With carbon tetrachloride at 220-3 10° C under pressure. 

A similar, but probably nucleophilic substitution was studied by Lobry de 
uin and van Leent [134). By acting with hydrochloride at 250°C they re- 
ed nitro groups in dinitrobenzenes and s-trinitrobenzene to obtain dichloro- 
nes and s-trichlorobenzene respectively. 

(ierstman and Bickel [111) observed that polynitroaromatics can act as cata- 
in the oxidation of hindered phenols. 

The mechanism of the catalytic action of aromatic nitro compounds was not 
nr until Russell and co-workers [136) rationalized it in terms of free radical 
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reactions. Their particular study was dedicated to the oxidation of fluorene by 
molecular oxygen in ter-butoxide in the presence of potassium ter-butoxide. 
Tlie reaction is catalysed by aromatic nitro compounds, such as nitrobenzene 
and particularly m- and p-dinitrobenzene and p-bromo- and p-chloromtro- 

benzene. , . . c 

A rather unusual free radical reaction should be mentioned here: aryl tree 

radical produced by heat or copper powder can displace and substitute a nitro 
group [172, 173). 


ACTION OF AROMATIC NITRO COMPOUNDS ON POLYMERIZATION 

(Vol. I. p. 214) 

Aromatic nitro compounds inhibit radical polymerization. However, they do 
not seem to inhibit ionic polymerization [137], On the contrary Rumanian 
authors reported [190) that nitrobenzene as well as nitromethane and nitro- 
ethane increase the rate of cationic polymerization of iV-vinylcarbinol. 

With regard to radical polymerization some controversial results have also been 
obtained. Thus Mondvai and co-workers [138] have shown that o-dinitro- 
benzene was a stronger retardant of radical polymerization of methyl methacryl- 
ate than other isomers. On the contrary Hammond and Bartlett |139] found 
that o-dinitrobenzene was a weaker retardant than other isomers of polymenz- 
ation of allyl acetate. 

T. Urbanski and Buiniak [140. 141) undertook the task of a systematic 
study of the action of mono-, di- and trinitro derivatives of benzene and toluene 
(a few dozen compounds) on the polymerization of unsaturated polyester resin 
‘Polymal 109’. The polymerization was initiated with benzoil peroxide at 12 C. 
It was found that nitro compounds with an ortho substituent are particularly 
active as inhibitors of polymerization. 

The strongest inhibitor was found to be o-nitrotoluene. 

Steric factors, such as those produced by two methyl groups in ortho position 
reduces the inhibitory activity of the nitro compounds. 

Tiidbs and co-workers [1751 described inhibition of polymerizat.on of 
styrene by sym-trinitrobenzene. 

All these studies may have a certain significance in the technology ot solid! 
propellants for rockets. 


REDUCTION OF AROMATIC NITRO COMPOUNDS. 

FORMATION OF NITROSO COMPOUNDS 

The reduction of the nitro group to amino and hydroxyamino groups is wel^ 
known and described in textbooks dedicated to intermediates and dyestuffs. 
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Less known is the reduction of nitro to nitroso group. It was reviewed by 
Moyer in a chapter ‘Reduction and Deoxygenation of Nitro Compounds’ [147]. 
The following are methods giving good yields of nitroso derivatives: 

^ electrolytic reduction [148], 

catalytic reduction in the presence of iron powder in C0 2 at 220°C [149] 
deoxygenation of nitro group by free radicals [150]. 

Reduction of a nitro group can lead to a ring closure to form furoxane deriva- 
tives [151] 


NHjOH 
c, H t OH 


Oj N" 


==N\ 


( 31 ) 


Another interesting reaction was reported by WiUgerodt [152] on the action 
If potassium iodide in acetic acid on Ml,3,5-trinitros t )phenylW.phenylhydra- 
Ine (from picrylazobenzene) (32): 


Oj N. 


n=nc 4 h, 


nhniic 4 ii, 


CHjCOOH 


( 32 ) 


The classical photochemical reaction of Ciamician and Silber [153] of o- 
Iroben/aldchyde transformed into o-nitrosobenzoic acid is described in the 
iptcr on photochemistry of nitro compounds. o-Nitrophenyl azide can readily 
»ld benzofuroxane [154] . 


a: 


hv or heal 


( 33 ) 


I It is highly probable that a nitroso intermediate is formed in the Richter 
Motion (p. 109). 

rduction of Aromatic Ring 

A remarkable reaction was discovered by Severin and co-workers [155, 156] 
rol. I, p. 252). He succeeded in reducing the aromatic ring of nitro compounds 
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without reducing the nitro groups. The reducing agent was sodium borohydride. 
s-Trinitrobenzene was dissolved in tetrahydrofurane and NaBH 4 in aqueous 
methanol was added at 0°C. 1,3,5-Trinitrocyclohexane resulted in a yield of 
40% [155]. 1 ,8-Dinitronaphthalene was reduced by the same method to 1,4- 
dihydro- 1 ,8-dinitronaphthalene (78% yield). 

m-Dinitrobenzene was partially reduced [156] to 3,5-dinitrocyclohexene 
(XI) and picric acid to 1 ,3,5-trinitropentane (XII) through the ring opening. 



The reaction has been studied by a number of authors [157, 158] , who came 
to the conclusion that the hydride reacts initially on the electron-deficient 
carbon atom at position 3 and forms a kind of Jackson Meisenheimcr adduct, 
the latter is eventually subject to reduction. 

Okamoto and Attarwala [159] brought an improvement to the reaction of 
Severin, by adding a cationic surfactant (as a phase transfer catalyst) to the re- 
action medium. They examined the reduction of unsymmetrically substituted 
-2,4,5- and 2,3,4-trinitrotoluenes by sodium borohydride in methylene dichlor- 
ide at 23-24°C in the atmosphere of nitrogen in the presence of ethylhexadecyl- 
dimethylammonium bromide. 

An interesting instance of oxido-reduction of a nitro compound was given by 
Forbes and Gregory [180] . 2,4-Dinitrobenzaldehyde when warmed with a 
concentrated solution of sodium hydroxide yielded 2-nitro-4-nitroso instead of 
the expected acid and alcohol according to the Cannizzaro reaction. 



The reaction is similar to that of Ciamician and Silber - a classical photo- 
chemical reaction (Chapter V). 

A partial reduction of the aromatic ring of trinitrobenzene was recently des- 
cribed by Ohno. Yamamoto and Oka [160]. By acting with 1 ,4-dihydronico- 
tinic acid derivatives, 1,3,5-trinitrobenzene was reduced to dihydrotrinitro- 
benzene at room temperature in dry acetonitryl in the atmosphere of argon and 
away from light. 
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Sodium amide can reduce the nitro group of aromatic nitro compounds to 
give a small yield of diazo compounds (161, 162] . 

Kemula and co-workers [163] developed the polarographic reduction of the 

nitro group as an analytical method. 

The case of the reduction of nitro compounds leads to their use as oxidizing 
agents. The use of nitrobenzene in the Skraup reaction is well known. o-Dinitro- 
benzene was reported to be a good agent for oxidizing ascorbic acid to diketone 

^ nitro group can yield TV-heterocycles (see Vol. I.p. 195)through the action of 
various reducing agents such as metal oxalates (165. 166], triethyl phosphite 
[167-169] or iron pentacarbonyl (170] (35): 


til. 



The reaction of nitro aromatic compounds with carbon monoxide was re- 
cently reviewed by Manov-Yuvenskii and Nefedov (221]. Particularly interest- 
ing is the formation of isocyanates apparently produced in the same way m 

Japan [222] . 


DIAZOTIZATION OF AMINO NITRO COMPOUNDS 

The N0 2 group reduces the basicity of amino group and makes the diazotiz- 
ation more difficult. Diazotization of dinitro aniline and particularly trimtro- 
aniline requires more drastic conditions, such as the use of more concentrated 
acid medium and higher temperature. This can be found in textbooks on diazo- 
tization and on dyestuffs chemistry. 

On the other hand the nitro group renders the diazo group more electrophilic 
and more reactive in the process of coupling to form azo compounds. Thus 
2.4.6-trinitrobenzodiazonium ion couples with mesitylene which is less reactive 
than anisole and does not react with other diazonium ions (171]. 

Reactions of the replacement by hydrogen of the tertiary nitro group m ali- 
phatic and alicyclic compounds were recently described by Kornblum and co- 
workers (145] . They occur at room temperature when the nitro compounds are 

treated with the sodium salt of methyl mercaptan. 

fcytko-Krasuska, Piotrowska and T. Urbanski (1461 described the replace- 
ment by hydrogen of tertiary nitro group in 5-nitro-l,3-dioxane by acting with 

ethylene glycol in KOH at 120-1 40°C with yields of up to 60%. 

An interesting case of the substitution of nitro group by adamantyl radical 
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was reported by Italian authors [1881- Free adamantyl radical was produced 
from carboxylic acid according to (187] . 


1,3-CYCLOADDITlON OF NITROCOMPOUNDS 

Nitro compounds can be subjected to the so-called 1 3<ycloaddition which 
is manifested by adding a system with double bonds to 1 ,3-dtpole. 

1 3-Dipole can be represented in two limiting forms: a sextet and an octet. 


() N O 

sextet 


() ~ N' 


oclci 


Cycloaddition can be represented by schemes (36): (a) and (b) 


/ N \ 
*o + o 


<) = N— <> 


I 

/ N \ 

o o 

\ / 

a b 


O — N — O 
/ ' 


(36) 




An excellent review of 1 ,3-cycloaddition was given by lluisgen 1 1 35j . 

A considerable number of experiments with 1 ,3-cycloaddition were reported 
by Tar.akovskii, Novikov and co-workers 1181-185 . They ^ac.ed nUromc 
acid esters (esters of aciform of primary or secondary nitro alkanes) with dip< le- 
philes such as styrene, vinyl chloride, acrylic esters and methyl- vinyl ke one 
(36c). The reaction occurs at room temperature (or lower) with an excess of un- 

satured compound, the yield is 60-90%. .... • , AnA „_ ir : 

The reaction of nitronic acid esters with acetylene derivatives yielded a/m- 

dines(36d) (186). 

/NO, 


at, -CIICOOCH, ♦ OjN— CH-N-OCHj 

o 


^ \ 


CHjOOC 


OCH, 


R — C — CH ♦ 




s' \OCH, 


R -r^ c: 

0 i 

OCH, 
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Some 1 ,3-cycloadditions occur under irradiation with ultraviolet light. They 
are described in Chapter V (reactions by Biichi and Ayer and by Charlton and 
de Mayo). 


THERMAL STABILITY OF AROMATIC NITRO COMPOUNDS 

It is generally accepted that aromatic nitro compounds are thermally stable 
and are only sensitive to the action of bases which produce deep changes in their 
structure. Nevertheless the action of high temperature on TNT had already been 
examined in 191 1-12 by Verola (Vol. 1, p. 306). He found that an evolution of 
gases started when TNT was kept at 160°C, and the m.p. of TNT was reduced 
from 80.75° to 79.9°C after keeping the substance for 177 hours at 145-150°C. 
Thus Pasman, Groothuizen and Vermeulen [191) made a statement that ‘fused 
TNT is unstable at elevated temperatures (> 150°C)\ 

The high thermal stability of nitro compounds is manifested by the high 
activation energy h of their thermal decomposition. The following are figures 
referring to mono-, di- and trinitro compounds: 

Nitrobenzene E = 53.4 keal/mol, log B = 12.65 at 395- 445°C 
m-Dinitrobenzene 52.6 keal/mol, log B = 12.7 at 345-410°C 
1,3,5-Trinitrobenzene 51.9 keal/mol, log B = 13.6 at 270-355°C 

us given by Maksimov [192). 

Andreev [193) gave figures for: 

Picricacid, E= 38.6 keal/mol, log B = 1 1 .6 l 0 

Styphnic acid, E = 34.6 keal/mol, log B = 1 1.2 I a! 183 270 

Roginskii and Magid [ 194) found E = 27.0 keal/mol and log B = 1 1.4 for 
e decomposition of TNT. 

Similar figures were obtained by Robertson [195), Pasman et a! . 1 191 1 for 
temperatures in the interval of 126-196°C, and for higher temperatures 
80 440°C)T. Urbanski [196) found 14.0 keal/mol. 

Pasman et a!. [191) carried out experiments on thermal decomposition of 
T using the adiabatic storage test method. They found that the total heat 
Ived during 1 20 hours of keeping at 1 75°C was 74 keal/kg. 

A tew accidents which have recently occurred demonstrate that prolonged 
ating, much below their ignition temperature, (the deflagration point) can pro- 
e an explosion even if this is referred to lower nitrated compounds. Such an 
idem was recorded (probably for the first time) in 1972 when an explosion 
k place at 218°C in the U.S.A. in a 100 m long pipe filled with dinitro- 
ucne [197). Previous experiments determined ignition temperature as being 
C, although some sources give an even higher temperature of 300°C [198) . 
e problem revived in 1976 in the United Kingdom when 1300 kg of 3,5-di- 
o-o-toluenediamine kept in a closed drier at 118-130°C exploded after 27 


i 

3 
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hours of heating [199). In order to create a method which could be used to 
establish the stability of aromatic and possibly other nitro compounds, Camera 
and Biasutti [199) developed an ingenious method of ‘Isothermal Pressure 
Meter* which is a perfection of the method used by Small and co-workers. The 
method consists in keeping a sample 65 g in a steel pressure vessel in a thermo- 
stat (accuracy ± 0.2°C). The induction period is considered to be terminated 
when the pressure in the vessel increased by 0.2 kG/cm 2 . The experiment was 
continued until the disc closing the vessel was ruptured. 

For DNT (a mixture of 2,4- and 2,6-dinitrotoluene) the induction period was 
found to be: 

1 75000 hours at 100°C 
1040 hours at I50°C 
18 hours at 200°C 

The calculated energy of activation was 32.2 keal/mol. 

The addition of 2,4,6-trinitrotoluene to DNT reduced the induction time at 
235°C, viz.: 

pure DNT 1.70 hours 

TNT: 1 .70 hours 

addition of 5000 ppm TNT 1.53 hours 

25.000 ppm TNT 1.09-1.14 hours 

50.000 ppm TNT 0.88- 1 .00 hours 

100,000 ppm TNT 0.20 

Similar influence was shown by addition of 2,4-dinitro-o- and 2,6-dinitro- 
p-cresols. 

Attention is also drawn to the paper by Dacons, Adolph and Kamlet [200) 
who described a spontaneous self-ignition of TNT after being kept for 14-16 
hours at 210°C. 

A review of kinetic data from low-temperature thermolysis of polynitro com- 
pounds was recently given by Zeman [201 ) . 

Free Radicals 

In the course of thermal decomposition of aromatic nitro compounds free 
radicals are formed. The ESR signals were detected by Janzen [202) , Japanese 
workers [203) and Soviet workers [204]. The latter authors obtained strong 
signals from picric acid after an induction period of 30-5 min at 190-210°C 
respectively. 

Janzen reported the formation of free radicals in 2,4-dinitrotoluene, 2,4,6- 
trinitrotoluene and picric acid at 260°, 240° and 130°C respectively. 2,4-Di- 
nitro- and 2,4,6-trinitroaniline give the signal at room temperature. This can be 
rationalized by the author of the present book in terms of the intramolecular 
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charge- transfer as described by T. Urbariski et al. [205) , that is when the mol- 
ecule contains both electron donor and electron acceptor groups. 

FUROXANES (Vol. I, p. 603) 

Aromatic nitro compounds which in ortho position have azido group can 
readily be transformed into benzofuroxanes (31, 33). An excellent review on 
furoxanes was written by Kaufman and Picard (206) . Recent works on the 
structure of benzotrifuroxane were also published: on X-ray analysis (207, 
208), vibrational and Raman spectra (209, 210), nitrogen NMR (211), carbon 
13 NMR (212). Explosive properties were also discussed (213). 

Korsunskii and Apina (214) examined the kinetics of the transformation of 
l,3.5-triazido-2,4,6-trinitrobenzene into benzotrisfuroxane at 70-115°C. The 
reaction is of the first order with activation energy 26 kcal/mol. 
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CHAPTER 5 


PHOTOCHEMISTRY OF NITRO 

COMPOUNDS 

(Vol. I, p. 225) 


Photochemistry has received much appreciation in the last two decades mani- 
fested by several fine monographs and review articles. Most of them have a 
general character (1 5]. fcxcellent reviews dedicated to photochemistry of the 
nitro and nitroso groups were given by Morrison [6], ( arless (35) and Kaye 
|47). 

It is assumed that photochemical reactions originate from the lowest energy 
singlet and triplet excited states. They are due to absorption bands which have 
been described in Chapter III on the spectroscopy of nitro compounds: the 
n — •-** transition ( ca . 210 nm) of high intensity and n — •*** ( ca . 270 nm) of 
a relatively low intensity; some nitro compounds show the second transition 
n ( ca . 350 nm). It is accepted that the lowest lying singlet and triplet 

states for nitro compounds are n, n*. 

The photochemistry of nitro compounds began with the pioneering work of 
Ciamician and Silber (7, 8) who described two photochemical reactions (1 , 2): 



OH 


h»’ 

In reaction (I) ethanol is oxidized (9, 10] to acetaldehyde, nitrobenzene is 
reduced partly to phenylhydroxylamine (which rearranges into p-aminophenol) 
and partly to aniline. 

Reaction (2) in alcoholic medium was examined by Bamberger and tiger 
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( 1 1 ) , who found that it passed through the formation of acetals. 

Recently George and Scaiano [12] examined the reaction of Ciamician and 
Silber and came to the conclusion that photolysis of o-nitrobenzaldehyde pro- 
ceeded by a triplet state with a life-time of 0.6 ns. User flash photolysis showed 
the formation of a transient intermediate according to (3): 


CMO 


,x *o- 


oh 


Similar photochemical reactions were recorded for 2,4-dinitrobenzaldehyde 

1 1 3 1 and nitroterephthaldehyde 1 1 4] . 

n-Nitrobenzyl ester yielded o-nitroso benzaldehyde [48a] by the same mech- 


anism. 


A rule of Sachs and Hilpert [15] should be mentioned: "all aromatics which 
have a hydrogen ortho to a nitro group are light sensitive". They expressed it by 
a scheme (4) 


H’ 

I 

K — i — H 


K— C — «ll 


Photolysis of nitramine derivatives of steroids has also been recently des- 

cribed [16]. r . f 

Some photoinduced reactions of nitro compounds involving a formation oi 

free radicals or radical ions were reviewed by Traynham [17]. Me classified such 

reactions as occurring through the attack, that is. the entering group is 

(in the first instance) attached to the same carbon as the group to be removed, as 

in the classical case of replacing the nitro group of nitrobenzene by chlorine 

under the action of light: 


no, n 


\* : 


(see also [18] and [19]). 

Some reactions described in [6] merit particular attention, for example. 

Mavinga. de Jongh and Dorst [20] reported the photoinduced hydrolysis of 
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— , rsrs-z rrss sss; sat 

IO m-ndrophenol [21, Rochester (23) reported the formation of 

under irradiation with ultraviolet- 

light, viz. (6), (7) and (8): 



was obtatned and ethanol was partly oxidized to acetaldehyde, as found 

""A “few papei' by Reid and co-workers [37] and de Boer and co-workers 
[60, 61 ] were dedicated to the photochemistry of aUphatic nttro compounds. 

dC “ ZSew m given by Frolov, Kuznetsov and El.sov [52, on .he 
pho.oreduc.ion of aromatic nitro compounds through '"'^o ecu ar ac on. 
Alcohols and hydrochloric acid supply the hydrogen "^Jed for r duct om 
alcohols are converted into aldehydes, as tn reaction ( 1 ) and hydrochloric 


132 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


becomes a strong chlorinating agent, for example (53| . 

Gold and Rochester (54] and Johnson and Rees [55] described a trans- 
formation of 1,3,5-trinitrobenzene into 3,5-dinitrophenol under photochemical 
action of OH - [compare with reaction ( 1 1 ) in Vol. I, p. 25 1 ] . 

Wan and Yates (56] reported the photochemical oxidation of m-nitrobenzyl 
alcohol in aqueous solution to m-nitrobenzaldehyde and azoxy compounds. 

An interesting photochemical reaction of 1,3-cycloaddition (see Chapter IV) 
was reported by Biichi and Ayer (58] (9) 

cv»i 


I 


C.M, 

I 

o* N ^o 


IfH, ),('“( HCMj 


tv 


O () 

U"' 


(9) 


A similar reaction to the addition of nitrobenzene to cyclohexane was re- 
ported by Charlton and de Mayo (59] . 

A hetcrolytic substitution of l-methoxy-3 ,5-dinitrobenzene through the 
action of ultraviolet light was described by llavinga and co-workers (57). 3.5- 
Dinitrophenol resulted, i.e. demethylation occurred. 


ALIPHATIC AND ALICYCLIC NITRO COMPOUNDS 

A primary photochemical reaction of nitro alkanes is a cleavage of the ( — N 
bond (47,48) : 


it* 


CU.M); * < III » NO, 

followed by recombination to yield methyl nitrite 


( 10 ) 


( III * NO, 


(It, (»M) 


( 11 ) 


For a full discussion of the reactions sec (6) Vol. I. p. 583 and Chapter VIII. 

Photochemistry' of nitromethane and its substituted derivatives (X(H 2 N0 2 . 
X = CHj .NHj ,F, and F 2 CHN0 2 , FjCNOj ) was examined by Slovetskii and co- 
workers [49] They came to the conclusion that the transition from the ground 
state to the triplet state leads to an increase of the density of the positive charge 
at the central carbon atom and decrease at the nitrogen. They also suggested 
probable conformation of monosubstituted derivatives of nitromethane. Slovet- 
skii ei al. [50] also examined the photolysis of tetranitromethane: 


(*(NO, ) 4 


hr 


<(NO : ), + NO, 


(12) 


The 
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An important reaction is the photochemical 1,2-cycloaddition of nitro- 
alkenes (6) . 

S. T. Reid and co-workers (51) examined the photochemistry of some nitro 
alkenes. They are depicted by formulae (13) and (14): 



Photoconductivity of Nitro Compounds 

The phenomenon of photoconductivity, that of nitro compounds was re- 
cently reviewed by Jarosiewicz [25]. 

Photoconductivity of liquid nitrobenzene was described by Bri&re and Gas- 
pard (26). They rationalized it as the result of photoionization of the com- 
pound. The increase in conductivity occurred in the course of irradiation by the 
light of the wave-length corresponding to the absorption by nitrobenzene. The 
process is reversible when irradiation is of short duration, but after prolonged 
irradiation it can attain a constant value. 

Some authors have drawn attention to the fact that photoconductivity can 
be due to impurities in nitrobenzene (27] . On the other hand it is known that 
radico-ions can be formed in pure nitrobenzene under the action of an electric 
current [28]. 

Szychliriski |29] described the same phenomenon and found the influence 
of the solvent, for example the photoconductivity, is prominent in ethyl ether or 


reaction is influenced by solvents and begins by a triplet state. 
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1 t 4-dioxane but less noticeable in benzene. This author explains it in terms of 
the formation of CT (EDA) complexes. .An important finding was made by 
Japanese authors [30, 31) that 1 ,3,5-trinitrobenzene shows a strong photo- 
conductivity. Among other aromatic nitro compounds 2,4,7-trinitro-9-fluoren- 
one possesses similar properties (32) . 

Also nitroalkanes have demonstrated photoconductivity [33, 34) . 

An interesting proof has recently been given of photochemical splitting of 
free radical N0 2 from nitroalkane: Marciniak and Paszyc [62) irradiated mtro- 
methane dissolved in cyclohexane and received nitrosocyclohexane dimer: 


NO, - <n -* iians-niiiosocyclohcxane 

dimer 


PHOTOLYSIS 

Flash photolysis of aromatic nitro compounds was carried out hy a number 
of authors: Wettermark |40|. Suryanarayanan. Capellos. Porter and co-workers 
[41-43] . Among various findings the latter authors came to the conclusion that 
2,4,6-trinitrotoluene under Hash photolysis is transformed into aci quinoid iso- 
mer (I) with an absorption maximum at 460 nm. 


Important contributions to the mechanism of photolysis of aliphatic nitro 
compounds were made by Bolsman. de Boer and co-workers. In the first paper 
Bolsman and de Boer [44) examined photolysis of 'pseudonitrole' I -nitro- 1- 
nitrosocyclohexane with red light in the absence of oxygen. This is described 
in Chapter VIII. 

In further experiments Bolsman, de Boer and Verhoeven [45] examined the 
photochemical decomposition of 2-iodo-2-nitroadamantane in several hydrogen 
donating solvents and found the formation of Q-nitroalkyl radical. This was 
extended to simple o-iodonitroalkanes in solution (46) . 

The tormation of o-nitroalkyl radical can be depicted by reaction (15): 


05 ) 
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The evidence of the formation of the radicals was given by ESR signals. 
Further reactions of a simple radical in inert solvents can be presented by 
scheme (16): 


(H, NO, 

V - 

-n 

r \ 

™/ ' 

V 

\*ii 

C — NO, 
(II, 

-NO- 


( ’Hj\ ^NO, 




( 16 ) 


<„/ 


< =<) 


For more details on the photochemistry of nitro compounds see Encyclo- 
pedia of Explosives |4 7 1 . 
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CHAPTER 6 


NITRO DERIVATIVES OF BENZENE 

(Vol. I. p. 230), 

TOLUENE (Voi. i. p. 265) 

AND OTHER AROMATICS 


The properties of higher nitrated derivatives of benzene and toluene were given 
in Vol. I (pp. 230. 265) and more detailed and modernised data in the mono- 
graph by Meyer |1|. Only those properties which have not been recorded in 
the said books or given in the literature recently will be mentioned here. With 
regard to the chemical properties, one of the most characteristic features of 
polynitro aromatics is their ability to nucleophilic substitution. This is dis- 
cussed in Chapter IV in general terms and some features will be given here in the 
description of particular nitro compounds. 


NITRATION OF BENZENE TO NITROBENZENE 

The heterogeneous nitration of benzene has been reviewed by Albright 
Hanson and co-workers |2|. They drew attention to the problem of diffusion 
control which has already been discussed in Chapter II. The differences between 
the results of various authors was partly due to insufficient appreciation of the 
problem of diffusion. It is true that nitration occurs mainly in the acid phase 
and at the interface between acid and organic phases. However, the role of 
diffusion and solubility of organic compounds in each phase can be decisive and 
so is adequate mixing. The authors also described their own work where they 
used a continuous flow stirred tank reactor of 50 ml capacity made of stainless 
steel and jacketed for temperature control. The 3gitator of 2.5 cm diameter was 
a four-blade operator at 3000 rpm. They found that the solubility of benzene in 
acids changed almost linearly as the concentration of nitric acid changed in the 
•nixed acids. The solubility of benzene was about four times greater than that of 
toluene. Subsequently the nitration of benzene is only 5 times slower than the 
nitration of toluene, although earlier reports gave a figure of 20 times slower. 
The latter figure was based on one phase nitration systems and can be misleading 
for industrial reaction. 
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Xitrobenzene (Vol. I, p. 231) 

.Although it is not an explosive, nitrobenzene created an interest as an inter- 
mediate in the formation of di- and tri nitrobenzene. Also it was known that at 
high temperature in the presence of an alkali it is subjected to explosive decom- 

^ Powerful liquid explosives mixtures of nitrobenzene and liquid NjO, were 
also known and in some use (Vol. III. p. 289). Recently pyrolysis of mtrobenzene 
was examined in the range of 275-630’C [3], At lowe, temperatures nitro- 
benzene decomposes via direct rupture of the C-N bond to give free radtea s 
C 4 H 5 * and -N0 2 . As the temperature was raised the yield of N0 2 considerably 

decreased and at 625°C the volatile products were composed of: 


1 . 2 % 

28.0% 

1 . 2 % 

61% 

8 % 


NOj 
NO 
N 2 0 
CO 
CO, 


The liquid products contain: benzene (21%). phenol (19%) diphenyl (8%). 
benzonitiile (5%), dibenzofurane (8.5%). benzoquinoline (2.5% J 
less defined substances. Among earlier papers see also that of Helds and Me er 
son [41 (sec p. 1 13). Hand. Merit and Di Pietro [5| which referred to phenyl 

free radical and nitrobenzene formed by pyrolysis. 

Nucleophilic substitution of nitrobenzene with some carbamons was des- 

Cn *rhe"in^ustrUd 'method for the nitration of benzene to nitrobenzene is des- 
cribed in the paragraph dedicated to nitration of toluene. 

m Dinitrobenzenc 

An early paper on the crystal structure of m-di nitrobenzene should be men- 
tioned |6j The method of Fourier series and a projection of the electron 
density gave the following result. Benzene ring is a regular hexagon of s>d 
1 4' A C N bonds do not lie in the plane of the ring but make an ■ n g |e 0 ‘ . 
wt.h i. The C N distance is 1 .54 A, the N distance has been found to be 

1 .20 A and 0-0 distance in the nirro groups is 2.1 7 A. 

An interest, ng synthesis of biaryl systems which is a modrf.c tron of 
Ullmann method was recently given by Cornfo.th and WdtaM [7] . [ 
acting upon m-dini.robenzene with aryl iodides under the influence of copper 

, b Pie* 'yield' of 2.6-dinitrodiphenyl derivatives varied from 10 to 96% depending 

^ New data have appeared on the vapour pressure of «-dinit. "benzene [ 1 «1 
p. 94. This is of importance because of the danger of handl.ng this highly toxic 
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substance, particularly at high temperature. The repo,, of H.M. Inspector of Ex 
plosives [8] describes fatal accidents in South Africa on 29 February 193’ 
when an old explosrve was carried out in sacks on the bare backs of a dozen 
natives^Two of them suddenly collapsed and one was taken ill. One of the men 

£ l>or« w o? r,!T al,ies were caus<d by ,he absorp,ion ° f «*««* 

The problem of toxicity of m-dinitrobenzene has attracted the attention of 
physicrans fo, a long time. I, has been found that animals poisoned w,!h «S 
compound developed methaemoglobinaemia, anaemia, liver damage convulsions 
and cerebral paralysrs [82. 83] The problem of metabolism ofm dinilrobenzene 
in living organism was examined and reviewed by Parke |84| Bs using m 

n m r' STnTf ab H ' ‘i Wi,h ' 1 C hf ” d lhe -e^boliJn of the subsITe 

L ai n , I h ,ha ', ma|0 ' me,abo 'i'« 'he urine were m-nilroanaline 
nd m-plicnylenediamme (14% and 21% respectively) 2.4-d,aminophenol , , 

and - amino-4-nitrophenol (14%). The minor products (present in tra~c quan 

miirthe W nol % im7 m-dinitrobenzene. 2.4-dinitrophenol. 4-ammo 

Z n.trophenol, m-mtrophenylhydroxylamine and derivatives of this- 3 3-dinitro 
azoxybenzene and m-nitrosonitrobenzene 

b- Petrochemical properties 

° f reduc,ion of lh * n "'° of aromatic nitro compounds sug. 
c emla| S 'el,r ma nVj' r ° COmpounds fo ' «'«"ochemical cells The elec.ro- 

IbO Wi 'kv k SeCmS '° bt par " Cularly su ''3ble giving a high yield ol 

Hr kg. The reaction requires an acid or neutral medium |85|. 

Isomeric Jinirrobenzenes 

High purity o- and p-dinitrobcnzene can be obtained by the oxidation of o- 

,:r;r me respec,,veiy - ne °^ au ° n *« ««!«« °«« 

peroxide (30%) in acetic acid (36) . 8 

, V) S °me a,,enI ion was paid to o-dinitrobenzene as an oxidizing agent (Chapter 

syn-Trinitrobenzene (Vol. I, p. 248) 

, " eW da ' a i haVe bee " PUbl “ hsd 111 0n ,he physical P -°l*r.ies ofsvm- 
robenzene such as vapour pressure between 1 22°C (m.p.) and 270°C. 
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A few more charge-transfer complexes have been described of sym-trinitro- 
benzene with: phloroglucinol and nitrophloroglucinol (9), picric acid (10), 
ferrocene (11). 

Although the compound possesses very good explosive properties an appli- 
cation could not be found for it owing to the difficulty of making it. A new 
laboratory method was given by Olah and lin (12) of nitrating m-dinitro- 
benzene to sym-trinitrobenzene with nitronium tetrafluoroborate in fluoro- 
sulphuric acid solution. A short description of the method is given below. 

Nitronium tetrafluoroborate and m*dinitrobenzene were added to fluoro- 
sulphuric acid and cooled in a dry ice/acetone bath. The temperature was 
gradually raised to 150°C. After three hours of heating the reaction mixture was 
poured on to crushed ice. The nitro product was extracted with dichloro- 
methane. washed with sodium hydrogen carbonate solution and dried over mag- 
nesium sulphate. The yield of sym-trinitrobenzene was 61 .6% with 5% unreacted 
m-dinitrobenzene. 

The reaction time of 2.2 hours gave a 66% yield of sym-trinitrobenzene and 


17% of unreacted substrate. A reaction time of 3.8 hours gave a 49.3% yield of 
high purity sym-trinitrobenzene. 

sym-Trinitrobenzene can be subject to a number of nucleophilic reactions. 
The known reaction for transformation of this compound into 3,4-dinitrophenol 
under the action of alkalis (Vol. I. p. 251. reaction 1 1 1 was facilitated by irradi- 
ation with ultraviolet (27. 28). Pure 3.5-dinitrophenol without the azoxy com- 
pound resulted. 

1 .2JJ-Tetranitrobenzene (Vol. I. p. 257) 


0,N 


m.p 127-1 29°< 

1,2.3.5-Tetranitrobenzene was obtained by a new method established by 
Nielsen and co-w orkers (13). In general terms it consists in the oxidation of an 
amino group of polynitroanilines with concentrated (98%) hydrogen peroxide 
in 100% sulphuric acid. The reaction of picramide was carried out below 30°C 
with an excellent yield: 


o,v 


HjO, ♦ H.SO4 
25-JO°(724 h: 


0,N 
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According to Nielsen [16] the method consists in the action of peroxy- 
disulphuric acid H 2 S 2 0 B : 

HJ0J+2HJS04 — -H,S 2 0, + 2H,0 (3) 

Murto (14) examined the action of sodium ethoxide on 1 ,2,3,5-tetranitro- 
benzene. It produced a red colour attributed to the formation of a quinoid struc- 
ture and eventually sodium picrate. A more detailed study of the action of 
nucleophiles on 1 ,2,3,5-tetranitrobenzene was made by Crampton and El Chari- 
ani [ 15) . They obtained a-complexes of Jackson-Meisenheimer type. 

J ,2,4,5-Tetranitrobenzene (Vol. I, p. 259) 

Crampton and El Ghariani [15) examined the behaviour of 1 .2.4.5-tetra- 
nitrobenzene (m.p. I88°C) towards nucleophile and found that o -complexes 
were being readily formed. Nielsen and co-workers obtained [16) the same pro- 
duct of higher purity (m.p. 190 I91°C) by the oxidation of 2.4.5-trinitroaniline 
with 90 -98% H 2 0 2 in oleum or 100% sulphuric acid. 

1 ,2,3.4 -Tetranitrobenzene 



m.p. 1 20- 1 2 l°C 


The new compound - 1 ,2,3,4 ,-tetranitrobenzene was obtained by Nielsen 
and co-workers [16) by the oxidation of 2,3.4-trinitroamline with hydrogen 
peroxide (98%) in sulphuric acid (100%) at 10-I8°C with a 78% yield. Oxi- 
dation with concentrated hydrogen peroxide in the presence of sulphuric acid 
forms a new modification of the method for the introduction of a nitro group, 
described earlier by Nielsen and co-workers [13). where no sulphuric acid was 
used. 

Pentanitrobenzene 
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Tetranitroaniline (Vol. I, p. 560) was used by Nielsen and co-workers [ 13) to 
oxidize it with 98% H 2 0 2 in the presence of 20% oleum at a temperature below 
30 3 C. Pentanitrobenzene resulted. 


Hexanitrobenzene ( HNB ) (Vol. I, p- 259) 



m.p 246- 26 2° C 


The method given in Vol. 1 could not be repeated. Also no data on the pre- 
pantion were given and the only paper published until recently was on crystal 
structure 1 1 7] and some data on the properties |18], It decomposes in air to 
yield trinit rophloroglucinol. Its density is «. 2.0 and the rate ol detonation (at 

1.9) is 9500 m/s. . 

Nielsen and co-workers described in their remarkable papers |I3. 16| the 
formation of hexanitrobenzene by oxidation of pentamtroaniline. 

The reaction was carried out either (1 ) in fuming <20% SO, ) sulphuric acid 
at 25-30°C by adding 98% ll 2 0 2 or (2) in trifluoromethanesulphunc at 45- 
55°C with 90% ll 2 0 2 . The product was extracted with dichloromcthane and 
dried over magnesium sulphate (which also removed trilluoromethane sulphuric 

acid). Method (2) gave 90% yield. 

A lower yield (58%) was obtained by method ( 1 ). 

Also a relatively low yield was produced with potassium persulphate instead 
of hydrogen peroxide. 

Wide range of m.p. is explained in terms of the formation ol a lew decom- 
position products in the course of heating near the nt.p. of the substance. At 
I00°C nitro groups are transformed into phenolic groups yielding pentanttro- 
phenol. tetranitroresorcinol and eventually trinitrophloroglucinol. In the ab- 
sence of light HNB shows good stability at room temperature, but irradiation 
produces an interesting isomerization of nitro groups to nitrites which in turn 
are hydrolysed to phenolic groups [120]: 

-\0 2 -ONO — -OH 


0,N 



NO, 


NO, 


m.p. |42-|43°C 


Other high nitrated derivatives of benzene obtained by 
the method of Nielsen [ 16/ 

The following were the compounds obtained by oxidation of the nitro oriva- 


rivo« nf in ili no 


NO- 


0,N 



NO, 
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1.2.3- trinitrobenzene (Vol. I), 

1 ,3-difluoro-4,5,6-trinitrobenzene (m.p. 88-90°C) 

1.3- difiuoro-2.4,5,6-tetranitrobenzene (m.p. 99- 100° C) 

fluoro-pentanitrobenzene (m.p. 152-1 54°C) 

The latter three compounds are new to the literature. 

NITRO DERIVATIVES OF TOLUENE 

Nitration of Toluene to Nitro toluenes (Vol. 1 , p. 265) 

Formation of nitrotoluenes is an important step in the manufacture of the 
trinitro product and has been the subject of some review articles: (19. 20) 
which were dedicated to the kinetics of mononitration. 

Giles, Hanson and Ismail (19) found that in mononitration of toluene with a 
standard nitration mixture of nitric-sulphuric acid and water, the organic phase 
contained nitric and nitrous acids, but did not include sulphuric acid and water 
The authors also studied the role of agitation. Their conclusion was similar to 
that reported previously (2) that mass transfer between the phases plays an 
important role, and a fast reaction takes place in a zone in the aqueous phase 
adjacent to the interface. It is important to know the diffusivity ol the aro- 
matic substrate in the aqueous phase which depends on the design of the nitra- 
tor. The paper by Strachan (20) also points out the importance of mass transfer 
in agreement with a previously described statement (Vol. I. p. 49). 

As has been already pointed out (Vol. I. p. 265) and Chapter III. in the mono- 
nitration of toluene, nilrocresols are formed (21 1 . They can be further nitrated 
to yield trinitrocresol and oxidized to oxalic acid. The presence of trinit roc resol 
is most undesirable (formation of sensitive salts) and therefore mononitro- 
tolucnes should be washed with alkali to remove the nitrocresols (Vol. I. p. 359). 

Some efforts have been made to reduce the proportion of undesirable 
nitrotoluene. A general rule is that the lower the temperature of nitration the 
smaller the proportion of meta isomer (Vol. I. p. 273). Also the use of nitric acid 
acetic anhydride mixture at 0°C can assure a lower proportion of m-nitro- 
toluene, for example to reduce it to 1.6% (22). This is in agreement with former 
findings (Vol. I.p. 274). 

Isomer control in the mononitration and dinitration of toluene was studied 
by Harris (23. 24) Both papers were dedicated to the increase of p-nitrotoluene 
wh,ch is an important intermediate in dyestuffs and pharmaceuticals manufac- 
ture, where both o - and m-isomers are waste products and the high proportion of 

2,4-dinitrotoluene is desirable for isocyanate production. This aim was achieved 
b y adding phosphoric acid to the nitration mixtures. 

A number of papers (in addition to those mentioned in Vol. I) were given by 
. ° be ’ R ; M - Roberts and co-workers (122-125) on the determination of the 
corner distribution of the nitration of o-, m- andp-nitrotoluenes by the method 
°‘ isotope dilution analysis. 
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The nitration of toluene to trinito products will be presented in a separate 

paragraph. 

Mononitrotolu enes 

A few unexpected reactions of nitrotoluenes have been recorded in recent years. 

Such is the reaction described by Hakanson and Nielsen (25) of the oxi- 
dation of o-nitrotoluene with dilute (35%) nitric acid at 190 3 C to yield (30%) 
picric acid. On the contrary m- and p-nitrotoluenes yield m- andp-nitrobenzoic 
acids. In addition to picric acid also nitro- and dinitrobenzoic and 3,5-dinitro- 
salicylic acids were formed. A large quantity of nitrogen was evolved and this 
led the authors to rationalize the reaction as passing through the formation of 
a diazo compound. 

o-Nitrotoluene under action of ammonia in the presence of catalysts (Si-Mo- 
V-Bi-Base) at elevated temperature (4) was converted to o-cyanoaniline in addi- 
tion to aniline and the expected o-toluidinc. 



INDUSTRIAL METHODS OF MONO-NITR ATION OF BENZENE 
AND TOLUENE (Vol. I, p. 232 and Vol. I, p. 275) 

Industrial methods of mono-nitration of benzene and toluene arc either 
periodical or continuous. More attention is now given to continuous methods 
safer and more economic when applied to a large, continuous production. Never- 
theless. periodic nitration is still in use for smaller and less regular production. 

Matusa and Matasfl (29) in their monograph collected technical data on the 
nitration of benzene and toluene (Table 26). 


TABLE 26. Monomtration 


i omponenis* Nitrating 

acid 

Benzene 

Spent 

acid 

Nitrating 

acid 

Toluene 

Spent 

acid 

UNO, 

H 2 S0 4 

h 2 o 

NOj 

32 

60 

8 

• 

1 

83 

15 

2 

28 

56 

16 


1 

69 

29 

2 

Temperature °C 


40 



60 
•j c 


Reaction time min. 


60 



75 


Rj!io HNO,: hydrocarbon 


100:100 



100:100 


Yield in %of theoretical 


98 



97 

— 


• In weight per cent. 
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Removal of Phenolic By products 

To tree the aromatic mononitro products from phenolic by-products the 
usual industrial procedure consists in washing the nitro compound with water 
to tree it from acids and then washing with dilute sodium hydroxide (concen- 
tration I 5% NaOII and an excess of 5 1 5%). The process is efficient as regards 
to purification of the nitro compound but produces a considerable amount of 
water containing sodium phenates and is an obnoxious effluent This can be 
dealt with by acidification and extraction of phenols with orgamc solvent in- 
miscible with water (such as benzene or more costly solvents). The method is 
expensive and led to the search for another method. Hanson and co-workers 
(30| developed a method of extracting phenolic compounds with a weak basic 
reagent such as phosphate salts. A mixture of trisodium and disodium hydrogen 
phosphate, for example 64.2 g/l of Na,HP0 4 . 211,0 with 2I.>) a I of N aj eo. 
I2H ; 0. After separation from the purified nitro compound the aqueous solu 
lion ol phosphates and sodium phenates is mixed with benzene which dissociates 
'he Penates and the liberated phenols are dissolved in benzene. The main con- 
stituent lea. H0'»' I of phenolic fraction is :.b-dinitro-p-cresol. 

Periodic Nitration 

Little can be addej to the design of periodic mtrators as given in Vol I 
P- 155 (contrary to the continuous nitrators). An interesting innovation (which 
can also he used in continuous nitrators) deals with the control ol the cfliciercv 
ot stirring as given in the monograph by Chekalin. Hasset ami h.lfe |i|| It con 

"!!? 01 3 l ;- S,,a P ed ,ul * «h« IM of 'he nitrator. The tube is connected 
with a Steel tube reaching the bottom of the nitralui (Fig. 16. The H-i.ihe ,c 
ntlcd with a coloured electrolyte solution and connected to an electric ecu,, 
non the stirrer is motion the pressure inside the nitrato. increases and this 
mamlested by the difference of the levels in the l -tube As a consequence lire 

in m,; K | , C ,T" IS d , ,ICO " necled Wl,en st"P’ <»' is inadequate) the levels 

warning ' q “ a lh * circuil js closed and acoustic or light signal gives a 

d eJ'' C „! mUl “ on ol lhe nilro P'» d «c. and spent acid enters a separator which is 
K on the principle ol a laboratory separating funnel |.< 1 1 . 

the hi ,"“ r ° T P ° Und ,0 " nS ,h * UprC ' Ij >"- The *(*"< acid ,s taken through 
*PPca ° m valve ani1 switched to another container when the upper layer 

•reale J S SilU3led ,us ' above " ,e vjlve - The spent acid is further 

t is will a e f hyd,0ca,b,,n which *•*« "re nitrator and the nitro pro- 
ed with aqueous alkaline solution to remove acids and phenols. 

tinu °us Miration 

advantages o, continuous method have already been pointed out in Vol. 



• li« l«» • 'Hr,. | ,.t i I k- viltiU'iuy «»i 'In 1 « i hi »■ i .ui i •‘•Imp t s • ( hiLiliil ct ai 

I ’ ‘ • I I Oiiliif 111 I11K 2 t \Tkk !i*kIi-\. 4 I'tltMicd i kk tiolvic. 

I. p .»w» It should he added that continuous nitration does not involve losses 
in time used lor loading, emptying the nitrator and heating and cooling its con- 
tents as in pciiodic niliation. According to Soviet authors pi | the production 
ot nitrohen/ene can he increased 15 times, by changing pciiodic into continuous 
nitration. 

One ol the popular designs lor nitrators was given by Biazzi (Vol. I. p. I OR. 
I ig. 47). originally designed lor the nitration of glycerine and adapted with small 
V anges lor the nitration of aromatic compounds. 


SOVIET METHOD t ACC ORUINCi TO C HEKALIN. PASSET AM) IOFFE 

Mill 

I he following is a diagrammatic presentation of a continuous nitrator made 
of stainless steel (Fig. I 7). 

The hydrocarbon enters through the top of the central, wide diameter tube 
where it is cooled, driven down and at the bottom meets the nitrating acid. 
Iluough energetic mixing the emulsion is formed and driven upwards through 
the stainless steel tube. Continuous outflow of the emulsion is achieved from the 
upper part of the nitrator. 
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Nitro 

compounds 
and speni 
aod 


2 


CooIkhi ami 
hr.iimq aq»-fil 


M(. 17. < ontinuous nitrator atcording lo Click.ilin el ul |tu|. | Sn... 

- I u hul.ir cooler and healer. 3 stainless steel plate. 4 kcuIjIlmi \ live 

li is of great importance that the continuous nitrator should he completely 
air-tiglu. 

The emulsion enters the continuous cylindrical separator I ig. I.x near the 
middle ol its height. The place ol entrance is changed depending on the nitrated 
substance it should correspond to the surface of the separation ol phases. 

The lighter nitro compound flows to the upper part of the cylinder and the 
heavier spent acid flows out through a syphon tube. It is advisable to ill! the 
cylinder with Raschig-rings. 

A general diagram of continuous nitration of benzene land also toluene) 
according to Soviet sources (Chekalin. Passcl and Ioffe |3I|) is given in fig. 10 
e nitrator is provided with a cooling mantle, two cooling coils of different tube 
lameters, the stirrer has an upper turbine mixer driving the liquids downwards 
3n 3 * ower propeller. The supply of hydrocarbon, nitrating acids, spent acid and 
cooing liquid (usually water) is regulated in such a way as to keep the tempera- 
lr rC ni,rat ' on ai 65 68°C in the case of nitration of benzene. The concen- 
^ra ion of nitrobenzene in the acid remains constant ca. 5%. The emulsion enters 
*° spiral coolers' where the reaction is ended: 90% of nitric acid is used in the 
rator and 9-9.5% in the coolers, thus 99 -99.5% of nitric acid is used for the 




N<TmIiii(| an 



MG. i<J General scheme ol nitution ol iKnrcnc or lolucnc according In 
Oickalm <7 cl. |30| I honreno or lolucnc storage lank. 2 measuring 
tanks lor lire liydnvarbon. nitration acid, spent acid. 3 continuous separ- 
ator. 4 spent acid lank. S spiral coolers. 6 nilrator ol continuous action. 
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nitration. In the second spiral cooler the reaction mass is cooled to 30°C. It 
should be understood that the spiral coolers are provided with stirrers From 
there the emulsion enters the continuous separator. Due to the great difference 
of the density of nitrobenzene (or nitrotoluenes) and the spent acid, the separ- 
ation takes 5- 10 min. 


Every 1000 kg of nitrobenzene gives 900 -1000 kg of spent acid containing: 
70 73% H 2 S0 4 , 1 .5-2.2% nitrobenzene and 0.25 0.5% nitric acid. Nitro. 
benzene is extracted from the spent acid with benzene. The latter is partlv 
nitrated with the residual nitric acid and the content of nitrobenzene and nitric 
acid after the extraction falls to 0.1 0.15% and 0.01 0.03% respectively. 
Benzene with a small quantity of nitrobenzene is sent to the storage tank and 
from there to the nitrator. 

II Is strongly emphasised that perfectly faultless automation is necessary lor 
the sale and efficient process. Thus the ratio: hydrocarbon/acid is under auto- 
matic control according to the temperatures of the reaction, cooling liquid 
inflow is regulated according to the temperature of the cooling liquid leaving the 
nitrator. Tire cooling water entering the spiral coolers is also automatically con- 
ItoHed. If the mixing in the nitrator and supply of cooling liquid becomes inade- 
quate. the flow of hydrocarbon into the nitrator is automatically stopped and 
the whole plant ceases to operate. 


BOFORS NOBEL-CHEMATUR METHOD OF NITRATING BENZENE 
AND TOLUENE TO MONONITRO PRODUC TS (FIG. 20l 1 32 1 

An innovation in the nitration technique was introduced by Bolors Nobcl- 
Chematur (Sweden!. This is the so-calleJ "Nitration Circuit". Ii consists in the 
ingenious use of a centrifugal pump as a nitrator. A cooler and a gravimetric 
separator are included in the circuit. Cooled acids and hydrocarbons are injected 
n o the circuit. Hydrocarbons arc: benzene or toluene used for the extraction ol 

I - "ent acid together with fresh hydrocarbons. The nitro compound and the spent 
‘ overn ° w the gravimetric separator and arc split into streams of spent acid 
a nitro compound. The spent acid is mixed with fresh hydrocarbon and sub- 

^i Cnl - 7 rw hC la,ter entefS * hC CirCUil aS mcntioned above. The spent acid con- 
ng .0% H 3 S0 4 is removed and can he used for fertilizer production or can 
ntenirated and recycled for nitration. The nitrocompound is washed will, 
NaOH solution to remove phenols. 

e to i a i dVa " ,ages of lhe nitration circuit method are as follows: low oxidation 
Jizaijo f C ° nlaCt ,ime of ,he hydrocarbon with the acid, full nitric acid 
cuit R M ty dUC l ° 3 very smal1 quantity of the nitro compound in the 

) ( 3 C 2 J° ,lowing is ,he material balance given by Bofors-Nobel-Cheinatur (Table 
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miscible with nitroglycerine and dissolves soluble nitrocellulose. For smokeless 
powder a relatively pure 2,4-dinitrotoluene is used. For further nitration, dinitro- 
toluene a mixture (m.p. ca. 35°C) is used and after nitration to trinitropro- 
duct, the latter is purified. 

Physical (including thermochemical and explosive ) Properties 

The following are figures for main isomers of dinitrotoluenc according to 
Meyer (I |. 

TABU 28. Properties ot dinitrotolucncN 


DcnMiy 

Moiling cnllulpy 
I ntlulpy of formation 
Ileal of detonation 

Ignuion temperature 
Volume ol detonation gu\o 
Lead Mock test 


Dinilroiolucne 
2.4- 26 


1.521 g/cm 3 

26.1 kcal/kg 
89.5 kcal/kg 
1056 kial-'kg 


1.538 g cm 3 
22 5 Leal kg 
57 6 ktal kg 
1538 k.al kg 


360 ( 


602 I kg 
240 cm 3 10 g 


The same source 1 1 1 gives vapour pressure of the 2.4-isomcr 
at 


35° C 

0.014 milibji 

70 c C (m.p.) 

0.1 1 1 

I00 C C 

0.83 

I50°r 

8.5 

200° C 

50.5 

300° C 

300 


The MAK-value (maximum permitted concentration in ait at a workplace) is 
1-5 mg/m 3 . 

The specification of commercial product is as follows: 


no more than 0.25*3 
no more than 0.10 *3 


no more than 0.02 
absent 


«./> 


moisture 

benzene insoluble 
acidity (as H 2 S0 4 ) 
tetranitromethane: 
solidification point 

for smokeless powder grade: 68.0 : 2.5 ( 

for commercial explosives: liquid solid mixture 

1)313 lor isomeric dinitrotoluenes are given in Vol. I. pp. 281 282. 


i 

1 

t 






' 
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Formation of Dinitrotoluenes from mononit rotoluenes (Vol. 1, p. 285) 

It is generally known that 2.4-dinitrotoluene is formed by nitration of r>- 
and p-nitrotoluene and 2.6-dinitro isomer by nitration of o-nitrotoluene. It was 
accepted that 2.3-. 3.4- and 3.6-isomers are produced from m-mtrotoluene. 
Nevertheless it was firmly established that the nitration of a- and p-nitrotoluenc 
can also produce a small proportion (below 0.5*3) ot 2,3- and 3,4-dinitrotoluene 
respectively (331 . Also small proportions of other isomeric dinitrotoluenes, such 
as 2.3-. 2.5- and 3.4- was proved from o • and p-nitrotoluenc respectively (341. 
Mill’ and co- workers (39] have found that the nitration of pure o- and p nitro- 
tolucne at -10°C with a nitrating mixture containing S0 3 yielded only 0.1% 
dinitro- and trinitroproducls deriving from m-nitrotoluene. 

The formation of w-nitrotoluene derivatives from o - and p-nitrotolucnc can 
be understood on the basis of the electron densities, free valencies and localiz- 
ation energies as depicted in Fig. 14. Also the formation of 3.5-dinitrotolucnc 
seems to be possible by direct nitration of m-nilrotoluenc |34| . 

The exact analysis of the nitration product has almost been perfected since 
the advent of chromatographic methods (t.I.c. and gas chromatography ) and 
exact and reliable detection of isomers and impurities of lower and higher 
nitrated hydrocarbons |35 37) has been possible. 

French authors |l 18| isolated pure isomeric dinitrotoluenes: 2.3. 2.5 and 3.4 
from the product of the nitration of m-nitrotoluene by fractional distillation and 
repeated crystallization. 2.6-Dinitrotoluene was isolated by distillation ol crude 
dinitrotoluenc. 

The following arc setting points and distillation temperatures ol isomeric 
dinitrotoluenes: 

3.4 set pt. 58.3 . distilled under 166 I6K°( 

10 mmllg 

2.5 50.3 . 175 1 77° C 

2.3 59.3. 181- 183°(* 

Recently 2.5-. 2.3- and 3.4-dimtrotoluenes were obtained by oxidation of 2- 
methyl-4 -nitroanilinc. 2*me»hyl-6-nitroaniline and 2-methyl-6-mtroaniline res- 
pectively (38) . The oxidation was carried out by hydrogen peroxide in acetic 
acid at b 5 7S = C. The yields were abound 70% of theoretical. 

As mentioned earlier low temperature nitration of toluene favours the reduc- 
tion of the yield of m-nitrotoluene. This was examined in detail by Hill and co- 
workers (391 . They found that while lowering the nitration temperature irom 
— 5 3 to — 35°C a reduction of 3.4-, 2.3- and 2,5-dinitrotoluenes occurred from 
2.06% to 1 .40% and the setting point of the product raised from 61.0 to 63.7 C. 
According to the same authors the use of trifluoromethanesulphomc acid with 
nitric acid made it possible to use a very low temperature on mononitration 
(-110° to — 60°C) and the temperature 0° to 25°C on dinitration. When mono- 
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nitration was carried out at —1 10 3 C and dinitration at 0° to 25'C. the content 
of isomeric dinitrotoluenes was as low as 0.33%. This figure is the lowest that 
has been recorded for dinitrotoluenes derived from toluene. 

A problem was recently raised again on the production of high purity 2,4- 
dinitrotoluene not only because of its use in the manufacture of TNT but also 
lor reduction to /Moluilenediamine which is an important starting material 
lor polyurethane. The general tendency is to use high purity p-nitrotoluene to 
introduce the second nitro group. Thus Vinnik and co-workers |95|, Leitman 
and Fedorova [96|. found that the nitration of pure p-nitrotolucnc produces 
pure 2.4 dinitro product. Nevertheless Ziqfko and Matys | { >7) stated on the 
grounds of their experiments that the nitration of pure p-n itiotolucne yielded 
2.4-dinitrololuene containing 0.3 0.5% 3.4 dmitrotoluene The conditions of 
the nitration were as follows: 

Nitration acid contained 25% UNO, 

71)' ; ii ; so 4 

5% I I.O. 

An excess of the acid over theoretical was 5';. the temperature of nitration 
between 75 and 95°< . The yield ol 9(>% ol the pioduct will selling point over 
(i9.5°< was obtained. Crvstalli/ation from ethanol or trichloroethylene yielded 
praelically pure 2,4-dinilrotoluene. 

INDUSTRIAL METHODS OF DINIT R ATION OF BENZENE AM) TOLUENE 

Mal;is;« and M.ii.ivi |29| collected the technical data on Uinitrjtion t»f mono 
nilm derivatives of hen/ene and toluene 


Modernized Pilot -plant and Industrial Production oj PM 

Three modern methods of dinitration w ill he given here 

r * ( I ) Pilot-plant method by Maas and co-workers |4t)| of low temperature 
nitration of toluene. 

(2) continuous method of Bofors-Nobel-Chematur two-step process wiii* a 
pumpnitrator (32. 41 1. 

| (3) continuous method of biazzi S.A. 1 1 32 1 . 


,w Temperature Nitration of Toluene to DXT /-Wf Fig. 21 

1 The principle was based on the nitration of toluene by anhydrous mixtures 
imposed of nitric acid and oleum at temperatures between 0° and — 10 5 ( 
freezing point of the solution) [39]. The dinitration was nearly quantitative 
gver 99%) when the molar ratio UNO, /toluene was 2.1 2.2. With the increase 
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TR - Temperature recorder 
FR Flow recorder 

FRC Flow r**corder controller Vent 

S Sample point k 



Wei f at |40| 

oi the ratio (e.g. to 4 Mho yield decreased I rtf. 9h% » I lie optimum was obtained 
with molecular prop«>rlion oi reagents 


toluene 

1.0 

UNO, 

2.1 1 

SO, (as 20% oleum) 

1.97 

SO, /II NO, ratio 

0.93 


The yield at - 1 0’C was 99.4%. 

These experiments served as a basis for DM pilot plant development |40|. 
Toluene has a low solubility in nitratic acid, subsequently, toluene is added just 
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ahead of ihe centrifugal pump. Toluene is dispersed into the anhydrous acid at 

— 8°(\ 

The dinitration is carried out in four recycle nitrators. The acid stream moves 
through the reactors and toluene is added to each of the first three. The effluent 
from the last nitrator has the composition in wt % 


dinitrotoluene 

trinitrotoluene 

UNO, 

ll 2 S0 4 

nitrozylsulphuric acid 

UNO* 


12.5 
5.5 
0.2 
6X.») 
I 2.K 
0.1 


The effluent is heated from — K' to J5°C in a tank where the proJuci 6 
divided into two phases. The upper phase enters the trmitrator and the lower 
acid phase is diluted with water to reduce the concentration to 70 '* ll.-SO,. I lie 
mtro compounds are separated and sent to the triniiraior and spent acid to the 
concentration unit. 

I he diagram of the system is given in the paragraph on Irinitution. 

Hojdrs-Xohcl-Chcmatur MethotJ ol Munujaelun ••) P.XT (hit. 22)1 i *4/ 

This metlioJ is based on the principle id a circuit nitration pump tor the pro- 
duction oi nilrohen/ene and nitrotolnene. as described alrcadv Ip. I'll. I ach 
circuit is comprised ol the nitration pump, cooler, separator and acid overflow 
vessel. I lie toluene fed to the mononitration circuit leaves the sepautor. in 
pumped as mainly mononitrotohieue to the diniiration circuit and lejves the 
separator as DM ready lor washing The sulphuric acid fed to the diniiration 
step flows down-stream and leaves the mononitration circuit acid to overflow j\ 


Vlononitration 


Diniiration 


StHlf 


Toluene r£> 


N,t„ c 
acid ^ 



<>DNI 



& 





- Sulphuric 
^ acid 


lloUir'-Nolvl-Cliciiulur iik'IIi.hI ol runul.R luro ol |)NI iducr.im- 
malic prcM'iil.ilion). lourlesv A. II BolorN-NotvI-Ounuiur 
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spent acid. Nitric acid is led to both circuits meeting the requirements of fully 
nitrated dinitro product and possibly complete consumption of nitric acid. The 
spent acid contains ca. IW H,S0 4 and less than 0.5% UNO, and does not 
require denitration. 

An important innovation is the use of liofors-Nobcl centrilugal separator 
which minimizes the volume ol the circuits and the si/e of the plant (figs 25 and 
24). It was originally designed in the 1060s loi nitroglycerine manufacture, now 



III. B..ii.rvN.»icll (Ynliilucjl Sepjr.il.»i. (V.UII.-.) \ II B.'luo -ViIh I 

Chcnutur. 

it is accepted for DNT and TNT production. It changes the classical static separ- 
ator. considerably reduces the amount of the explosive in the apparatus and in 
particularly suitable for use in continuous methods. It can be used to separate 
the nitro product from the spent acid and in the process of purification and 
washing of the nitro product. According to the manufacturer it can he easily 
cleaned. A relatively low operating speed of 500 1000 ipm is much below the 
critical figure. The separator can be installed in the nitratoi this design is des- 
cribed in the paragraph dedicated to the manutaclurc ol INI. 

Biazzi S.A.. Vevey Continuous Method / 132 / 

The continuous Bu/.zi nitration process was used tor the lirsi time in I ‘>35 
for the manufacture of nitroglycerine. It soon became clear that many advan- 
tages were offered by this system such as the increased reaction speed, the high 
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l ie; 24 H..r,.,vN..n-ll (VnU.iuM Soparjlo,. ticnval V«, ' " 

C iK-nulur. 


heat transmission coefficient, the new method of separating the phases washing 
f : by counter-current flow could be applied to the nitration ol other organ., pro- 

f ducts such as aromatic compounds. 

A general scheme is presented in f ig. 25. . 

4' The reaction lakes place in nitrators into which toluene and mixed aud is 
introduced continuously in exact proportion. The number ot mtralurs in t ie 
“ties varies from two to four. The temperature in each mtrator is kept constan 
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by a thermostatic system. The stirring is achieved by a turbine acting as a pump. 
The emulsion from the nitrator enters a ‘semistatic* Biazzi separator. The separ- 
ated product is nitrated in next nitrators followed by a second separator. 

The spent acid from the second separator is used as nitration acid for the pre- 
vious stage. 

The final spent acid is generally mixed with toluene to extract dissolved nitro- 
bodies and use up the small remaining quantity of nitric acid. 

The separated DNT is washed with water, with an alkaline solution and 
finally with fresh water. The water from the last wash is used again for the 
next wash. Between each wash the product is separated in a Biazzi separator. 

The plant is made of stainless steel. 

The manufacturing parameters are kept constant by automatic remote con- 
trol. Among lecorded parameters is the Redox value of the spent acid lully 
described in Chapter XI. In case of any irregularity the plant is automatically 
stopped and an alarm given in the control room. 


1 ABLI 29. Properties of 2.4,6-trinitrotoluenc 


Density (crystals) 1.654. molten 1.4 7 g/cm 3 
Melting enthalpy 23.1 keal/kg 
Specific Beat at 20°C 0.331 k cal /kg 
I ntlulpy of formation 62.5 keal/kg 
Heat of detonation I0B0 I2l0kial/kg 
Ignition temperature 300°C 
\ olume «>f detonation gases 730 6 20 | /kg 
l ead Oloek test 300cm s /l0g 
Impact sensitivity 1.50 kpm 
I riction sensitivity no reaction up to 36 kp 
(filial diameter in steel tube 5 mm 


\apoui pressure: 

at XlVtm.p.) 

100 

150 

200 

250 

t Beginning of dccort post I H»n I 


0.057 millibar 
0.14 

4 

14 

86.5 


TRINITROTOLUENE (Vol. I. p. 290) 

2.4.6-Trinitrotoluene (TNT) remains the most popular explosive because ol 
its stability, low sensitivity to impact, friction and high temperature and well 
developed methods of manufacture. It is widely used in commercial explosive* 
as a good sensitizer and is much safer in production and handling than nitro- 
glycerine. For commercial explosives lowei grade purity of TNT is being used 
whereas the military grade TNT must be a highly pure compound. 

Physical (including therrnuchcmical and explosive) Properties 

I he setting point of TNT for military purposes should not he lower than 
80.2 (’. Chemically pure substance shows 80.8°(\ TNT recrystallized from nitric 
acid is commercially available, its setting point is 80.6 80.7°( (la|. 

The following are figures related to properties of TNT according to Meyer 

m. 

Thermal conductivity of 2.4,6-trinitrotoluene was determined by Be I aye v and 
Matushko [43 1 XX I0 J = 4.8 cal/cm sec grade for pressed substance and 3.5 
cal/cm sec grade for powder. The temperature conductivity a X 10 4 - 8.5 cm 2 
sec and 1 1 .5 cm 2 /sec respectively. 

The following are data for the velocity of detonation calculated for the in- 
finite diameter and density p [42] : 

1)^= 1872.7 + 3187.2 p 

when p = from 0.9 to 1.5343. 

Al higher densities: p= 1.5543 - 1.636 


6752.5 + 3187.2 (p 1.53342)- 

25102 (p- I 534 2 ) 2 + 1 15056 (p - I.5342) 3 . 

I lie figures are valid lor diameters from 0.7 to 7.8 cm. Meyer 1 1 1 gives 6900 
m/s lor p = 1 .60. 

1 he specification for commercial product is according to [I | : 


Appearance: light yellow' coloured Hakes or crystals 


Setting point for I NT of highest purity 
tor some commercial explosives 
ammonium nitrate commercial explosives 
Volatiles 

letranitrometliane 
Acidity (as ll 2 S0 4 ) 

Alkalinity (as Na, C0 3 ) 

Benzene insolubles 
Minerals (as ash) 


min 80.6 C 

80.2 — 80.4°(’ 

various lower setting points 

no more than 0.1'/ 

none 

no more than 0.005'/ 
no more than 0.001% 
no more than 0.05*/ 
no more than 0.01% 


hor a long time the setting point was the most common criterion of the 
purity of TNT. However, it has also been recognized for some time that it does 
not answer all the problems of the practical use of the explosive. One of the 
important problems is the exudation of a multicomponent eutectic mixture of 
isomeric trinitrotoluenes and dinitrotoluenes. Even a minute quantity of these 
substances can produce an inconvenience through the exudation. 

This can occur in the course of the storage of projectiles with TNT particu- 
larly in summer time. The problem was recently reviewed by Reitsma [76| . Here 
are the main disadvantages produced by the exudation: 
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1 1 ) it may affect the functioning of some components of the ammunition 
(e.g. initiators), 

,2) cavities and cracks may be formed in the TNT casting and create a danger 
of premature detonation, 

( 3 ) the migration of explosive mixture to the screw thread of the fuse also 
creating a danger. 

In the Federal Republic of Germany the exudation test consists in placing a 
cylinder of cast TNT on niter paper and keeping it at 70°C for 20 hours. The 
diameter is then determined by the stain on tiller paper and also the loss ol 

weight of the cylinder. 

Reitsma examined different factors influencing the test, for example higher 
humidity favours the exudation. Tlie test is not only innuenced by impurities of 
TNT but also by the crystal size of the cast. Pressed cylinders of TNT do not 

show the exudation. 

Mis conclusion is that the practical value of the test in its present form is 

limited. . TVT 

Attention should he drawn to the microscopic examination ol cast IM. 

Thorpe and C'onnkk |I26| suggest polishing the cast sample with MfO powder 

and direct observation by reflected light. The previously suggested ‘peal method 

by Williamson [127] does not reveal sufficien l structural detail. 

Thorpe and Connick suggested: 

( 1 ) preliminary polishing with wet silicon-carbide paper. 

(2) intermediate polishing by hand on nylon velvet using MgO powder. 

(3) finishing on vibratory polishing. 

( 4 ) an etch with bromoform shows up the grain orientation ol the IM 
matrix. 

Among the properties of 2.4.6-trinitrotolucne related to its explosive charac- 
ter. very important is the sensitivity to high temperature. High sensitivity m 
molten TNT to impact was described in Vol. I. pp. 319 320. 

Another problem is its thermal decomposition. T. Urbanski and Rychter l-^l 
examined the decomposition at temperatures near 400°C and above. I he energy 
of activation between 380 440° C was of the order of 14 kcal/mol. Between 490 
and 750° C trinitrotoluene took spherical shape and decomposed slowly with the 
evolution of a considerable amount of soot. The energy o: activation in the 
range of temperatures 490 -750° C was of the order of 8 kcal mol and the shape 
of the curve: induction period against temperature was analogous to that shown 

for nitroglycerine in Vol. II. p. 50. Fig. 13. 

Kamlet and co-workers [45 ] undertook the task of elucidating chemical 
changes of 2.4.6-trinitrotoluene which occurred during its isothermal decom- 
position at 200°C. 75-90% of TNT remained unchanged alter 16 hours. The 
main products were: 4.6-dinitroanthranil (l)(2 4 *). 2.4,6-trinitrobenzaldehyde 
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(I 2$). 2.4,6-trinitrobenzyl alcohol (ca. 0.2%) and a minute amount (ca. 0.1%) 
of an azoxy compound of a probable structure (II). 



I II 

Camera and Biasutti [I2I| developed an interesting method of isothermal 
pressure metering for the determination of chemical stability of aromatic nitro 
compounds, as described in Chapter IV. It showed that a temperature as low- as 
200° C could be dangerous if DNT pure, or with TNT. is kept for less than 24 
hours (e g. 18 hours) at this temperature. 

Also the addition of many loreign substances to molten TNT can create a 
great danger (sec the paragraph on safety of manufacture and handling aromatic 
nitro compounds) 

The formation of an azoxy compound is not surprising considering the ease 
of transformation of nitro compounds into benzazoxy derivatives. Among them 
is known an important by-product of the continuous methods of making IN! 
known as ‘white substance’ (p. 169). A few unidentified products of oxidation 
and reduction were isolated, all of which had high melting points. In up to 13% 
a polymeric substance was formed, insoluble in benzene, which did not melt 
below 300°C and burned when ignited by a tlame. The substance was named 
‘explosive coke*. No svw-trinitrobenzene was found by Kamlet er a!., contraiy 
to the statement by Rogers |4b|. Kamlet suggested that a minor quantity of 
TNB could be produced through the oxidation of TNT to trinitrobenzoic acid 
followed by a loss of C0 2 (the usual reaction leading to TNB) and after that 
TNB was lost in the ‘explosive coke’. 

An important finding of Kamlet and co-workers was that at 210 ( a spon- 
taneous self-ignition of TNT occurred after 14 16 hours (or less) of heating. 

The thermal decomposition of TNT is accompanied by the formation oi tree 
radicals. Jantzen [ 1 08] found free radicals at 240°(\ 

Mara. Kamei and Osada [109] described a detailed study of the thermal de- 
composition of TNT. They examined the decomposition by differential thermal 
analysis, thermogravimetry, infra-red spectroscopy. HSR and mass spectrometry. 
One of their most important findings was that TNT produced tree radicals 
already in the vicinity of the melting point, that is 80°C. The substances which 
promote the decomposition of TNT are free radicals which are stable at room 
temperature. They are insoluble in benzene or chloroform and are partly oxi- 
dized polymeric substances. 
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Chemical Properties of 2,4.6-Trinitrotoluene 

Acid properties. The acid properties of 2.4.6-lrinitrotoluene were discussed in 
Vol I (P- 300). This problem was reviewed with the reactions of the formation 
of e-complexes (Chapter IV). Acid properties were also examined by modern 
methods. Thus Schaal [47) gave the following figures for p K, of trinitrotoluene, 
as compared with dinitrotoluenes: 

2,4,6-trinitrotoIuene pA* = 14.45 

2.4-dinitrotoluene 17.12 

2.6-dinitrotoluene 19.00 

Therefore. 2.6-dinitrotoluene is the weakest acid. 

Buncel and co-workers (48| also came to the conclusion that 2 .4 .6-trinit ru- 
toluene has acid properties. They based it on their report of a ready exchange of 
CH, protons of the compound in basic medium of deuterium oxide 



Fyfe. Malkiewich and Norris [94] examined intermediates formed “n the 
action of bases on TNT using high resolution N\1K spectroscopy. Wit in 0 > sec 
of mixing equimolar proportions of TNT and methoxide in DSO and < 11,011 
the Jackson Meisenheimer complex is formed. It decayed over X sec and t e 
spectrum of anion according to (5) slowly appealed. 

Sails of TNT were described in Vol. I. p. 304. A patent |79| claimed the use 
of salts of TNT tor delay compositions. 

Action of light. This was described in Chapter V on the photochemist r> ol 
nitro compounds. 

Reaction ky ih Sodium Sulphite 

Reaction of 2.4.6-trinitrotoluene with sodium sulphite was extensively 
studied and reviewed by Crampton and co-workers |49). Strauss |50|. Buncel 
and co workers [51]. Bernasconi and co-workers [52] 

o-Complexes with sulphonic groups are the products ol the reaction ol 2.4.6- 
thnitrotoluene (X = H) or trinitrobenzyl chloride (X = Cl) with one and two 
m oles of sodium sulphite at 25°C: Ilia and b respectively. 

According to Crampton [49b. d| dimethyl sulphoxide stabilizes the adduct 
1 ; 1. The compounds are soluble in water with a deep colour (440 460 nm and 
5 $0 nm). 



ilia nib 


The reaction of sodium sulphite with unsymmetrical trinitrotoluenes is much 
more vigorous replacing meta nitro with sulphonic group (Vol. I. p. 332). 

Oxidation of 2. 4, Trinitrotoluene 

(Camlet and co-workcis |53| made an interesting and important observation 
that the oxidation of 2.4.6-irinilrotoluene with dichromate-sulphuric acid in the 
presence ol nitric acid gave a high yield [ca. h5'a| of picric acid, tlut is the 
methyl group in replaced by phenolic group, whereas the oxidation with pure 
dichroniatc-sulpliuric acid viclds. as known (Vol. I, p. 255). 2.4,6-trinit rohen/oic 
acid. The formation ol picric acid was rationalized according to Kamlet as the 
result ol oxidative aiomatic nucleophilic substitution which passes through the 
intermediate formation of 2.4.6-liinilrobenzoic acid. 

I bus. the oxidation of 2.4.6-triniirobciizoic acid with dichromatc 20'; 
oleum in acetic acid solution yielded 7 1 '' picric acid. 

I sine acetic acid instead ol nitric acid Kamlet ct al. [53b| was also able lo 
obtain pictic acid from 2.4.6-irinitiotolucnc. The yield was 7 0'T by using 
chromium tiioxide-siilphuric acid in acetic acid medium. 

the oxidation of 2.4-dinitiotoluene |53a] with sodium dichromatc in sul- 
phuric acid in the presence of nitric acid yielded up to 45'* of picric acid to- 
gether with cu IX'J of 2.4-dinitrobetizoic acid. These authors found that 2.4- 
dinitroiolucne is more sensitive than 2.4.6-trinitrotoluene. 

I lie oxidation reduction process is involved in the formation ol the white 
compound', a by-product of continuous production of TNT [54[. I lie lorm- 
ation of this compound is discussed in the paragraph on by-products ol nitration 
of toluene to T NT. 

Reduction of 2. 4. 6 -Trinitrotoluene 

An extensive study of the reduction ol 2.4.6-trinitrotoluene was made by 
Nielsen. Coon and co-workers |55|. They also reviewed the existing literature. 
So far the use of different reducing agents produced mainly 4-amino-2.6-dinitro- 
toluenc. Nielsen. Coon et al.. examined the use of hydrogen sulphide in the pre- 
sence of a catalytic amount of ammonia and found the reaction to be solvent 

m 

dependent: in dioxanc both 4-amino-2,6- and 2-amino-4,6-dinitrotoluenes being 
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formed. In ethanol the attack at position 4 is favoured but incomplete reduction 
to hydroxylamine derivatives also occurred. 

The results can be summarized as follows (6): 


44 r ; 

Ml. 

WHMI 


h * • 

MethylatUm oj 2,4,6 -Trinitrotoluene (Vol. I.p. 212 

In addition to the reaction of mcthylation reported by Heser (Vol. I.p. 2\ 2), 
a more recent observation was reported by Sauermilch (56| It consists in 
warming 2.4.6-trinitrotoluene and mn-trinitrohenzene with an aqueous 50 i 
solution of acetic acid and Cet IV) ammonium nitrate. At 90 95 c C an evolution 
of CO j occurred with the formation of 2.4.6-trinitro-w-xylcne with yields ol 
67% and 84% respectively. 

By using propionic acid instead of acetic acid nitro derivatives ol ethyl- 
benzene resulted 

Un symmetrical Isomers of Trinitrotoluene and By-products of Miration 
of Toluene 

A number of analytical papers have been dedicated to the detection ol isomers 
of trinitrotoluene and by-products by gas chromatography |57). NMR |5*| and 
by TLC [59] . 

Some new reactions have been reported of unsymmelncal trinitrotoluenes. 
Okamoto and Attarwala [60| described the reaction of denitration of meta nitro 
group by acting with sodium borohydride in the atmosphere of nitrogen at 23 
24°C in CH 2 C1 2 . 

Another extensive paper on the reaction of unsymmetrical trinitrotoluenes 
w *th ammonia leading to aminodinitrotoluenes was that by Nielsen. Coon and 
co-workers (55) . The main purpose of this work was to identify the major com- 






ponents ol waste waters which are formed through ammonolysis and reduction 
of TNT isomers, and to determine then toxicity. 

The method of Hcpp (Vol. I. p. 331) was also used: the action of cthanolic 
solution of ammonia. 

The mechanism consists ol the initial formation ut (/-adduct followed hv 
splitting off NO. group in ihe form of the anion N() 2 as depicted in scheme (K j. 
It is referred to as the mam unsymmetrical product 2.4.5-trinitrotoluene: 


«'i. hi. in. 



The other isomers reacted in a similar way (9) with the exception of 2,3,6- 
isomer which gave a mixture of isomers. 

Some ot the aminodinitrotoluenes can be made by nucleophilic animation ol 
2.6-dinitrotoluene with hydroxylamine in basic medium [61,62). 
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Tetranitromethane (TNM) (Vol. I. p. 337) 

An important work was carried out by chemists of Picatmny Arsenal |<o| 
who elucidated the problem of which part of the molecule of toluene is res- 

ponsible for the formation of tetranitromethane. 

Using carbon-14 as a tracer it was found that most TNM originates Irom the 
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aromatic ring carbons with over 50% being contributed by the ring carbon 
attached to CH 3 group. The distribution ot carbon atoms taking part in the 
formation of TNM is given in diagram IV. 



IV 

It was found that over 80% of all the TNM can lx* traced to the dinit ro- 
toluene isomers deriving from m-nitrotolucne. The ultimate lormation ol I NM 
is attributed to l)\l oxidation reactions in competition with the reaction ol 
nitration. 


White Cnntft-HiHj 

It was found us carls as D>50 that continuous methods o! making IM pro- 
duce an as yet unknown compound named white compound . 

It was characterized bv high m.p.. white colour and a low solubility hi nilial- 
,„ g acids, h readily crystallized out in various parts ot the apparatus. Joshi ami 
Patwaidhan |54) established its structure as being 2.:'-dicarboxy-3.3' .5.5 -toira- 
nitroa/oxybcn/enc (Vi They established it by synthetic route from .\4.b-tri- 
nitrohen/aldchydc which was subjected in the light to the known reaction ol 
( .amician and Silher (Chapter V> yielding 2.4.dinitio.(>-nitn»sohcn/»ic acid. The 
latter on warming with water gave V (10): 



The synthetic product was identical to that produced hy continuous nitra- 
tion. 

The structure of V was confirmed by Kamlet and co-workers |53| . Kotaiski. 
Krasiejko and co-workers |f>4] also confirmed the structure V given hy Joshi 
and Patwardhan hy using infra-red. NMR spectroscopy and mass spcctrography. 
Recently Ziqlko. Krasiejko and D s hnwsk. |65| established that ‘white com- 
pound* exists in two crystalline forms diflering by their m.p.: 2(>8 2<>‘> ( and 


•Tr Y-»l .% 
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239-240°C. The raw product is also accompanied by a monocarboxyl, c azoxy 

compound (VI) [53b) which can further be decarboxyla.ed to tetranitroazoxy 
benzene while boiling in ethylene glycol (65) . 



NO. 


NO, 


m.p. :05-:06°C 

Zitfko and co-workers [65| established the solubility of white compound in 
organic solvents, in nitrating mixtures and spent acids: Tables 30 and 3 1 

White compound is soluble in aqueous (5%) sodium carbonate and in I O'; 

solution ol Na, SO, at 90°C. Sulphuric acid does not precipitate the substance 
from the latter solution. 

TABLE 30. Solubility of white compound inorganic solvents 

(in 100 g of solvent) 


Solvent 

o 

Temperature • Y» 


20 Y 

Higher 

Acetone 
1 tlunol 
Benzene 
Toluene 

13 55 
6.80 
0.0003 
0.018 

15 40 at 40 c 
7 85 at 50° 
0.04 at 7S® 
0 081 .it *)5 


T ABLE 31. Solubility of white compound in water and acid v 

(in 1 00 s of solvents) 


Solvent 




20 

70° 

Water 

Sulphuric acid (96%) 
Nitric acid (91%) 

Nitration acid: 

0.22 
0.433 
0 162 

0.393 
0.5 HI 

0. 1 89 

HNOj 

ll 2 S0 4 

h 2 o 

41.5% 

54.5% 

4.0% 

0.201 

0 417 

Spent acid 
UNO, 

h 2 so 4 

h 2 o 

0.2% 
79. 7% 
20.1% 

0.026 

0.099 
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The white compound was examined by the same authors with regard to its 
sensitivity to impact and high temperature. 

The results are as follows: 

Sensitivity to impact is of the order of that of PfcTN and much above TNT. 
thus: 

5 kg from a height of 10 cm gave 100'/ explosion. 

and 2 kg from a height of 25 cm gave 1007 explosion 

(the figures for PETN are: 10cm and 23 cm respectively) 

At 300° C the explosion occurred after 10 s. 

320 C the explosion occurred after 5 s 
I the figures for TNT are 95 and 60 s respectively). 

An attempt was made to establish in which stage of nitration white com- 
pound is formed. According to de Cazanuve and co-workers (66) the amount of 
white compound increases with the time of the reaction. Zi«Vko. Krasiejko and 
I \ bow ski (65 1 established that white compound composed mainly of V with a 
possible admixture of VI is formed in the course of trinitration and is dissolved 
in the acid which passes to di- and mononitration. There, in more dilute acids 
it is precipitated in various parts of nitrators. pipes, valves etc. The precipitate 
can disturb the regular trend of the process. 

It is advisable to determine the presence of white compound in (he products 
ot nitration of toluene. Ii is also advised |65| to use the TIC technique on 
silica-gcl the solution of nitro compounds in acetone is pul on the starling line 
and the chromatogram is developed with vapours of benzene acetone meth- 
anol dioxane <50:5:30:15 vol.%). The chromatogram is treated with ethylene 
diamine solution in acetone (50/50). White compound can he detected as a 
magenta coloured spot ol Rr — 0.6X. (Nitro derivatives give a reddish-brown 
coloured spot at R f = O.XO). 


IMPURITIES OF TNT 

As previously mentioned. Yasuda (59) examined TNT by TEC. Among un- 
sym metrical trinitrotoluenes he found dinitrotoluenes: 2,4-, 2.6-. 2.5- and 3.5. 

Gehring (67] undertook the task of examining non-volatile impurities of 
TNT by \MR technique. He found compounds in crude TNT as eiven in Table 
32. 

None ol these substances were detected in purified TNT in quantities over 
0.03%. 

Special attention should be paid to 'a-Nitrato-TNT’ which appears to have 
been detected by Yasuda (59). but no structure was given. Gehring (67 ) sug- 
gests the structure (VII): 
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TABLE 32. Impurities of crude TNT (67 J 




The substance 


Quantity present 
in TNT in weight % 


2. 4 .5 -TNT 

1.80 

2.20 

2.3,4-TNT 

ISO 

1 70 

2.3.6-TNT 

1.25 

1 40 

2,3.5-TNT 

0.05 

0 06 

2.4-DNT 

0.20 

0 25 

Q-Nurjto-TNT 

0.30 

035 

2.4.6-Trmitrobcnzoic acid (TNBAI 

0.20 

0 22 

2.4-Dinitrobcnzoic acid 

0.05 

0.06 

3.4-Dinitrobcnzoic aciJ 

0.01 


2.4,6-Trinitrohcnzaldchydc lTNB.il) 

0.20 

0.24 

wi-DNB 

0.003 

0.005 


( 11,0X0, 


M>, 

VII 


Kohlbeck and co-workers (08a| detected by TK trinitroben/aldeliydc. 
trinitrobenzylalcohol. hcxamtrobibenzyl and azoxy benzene derivatives 'elated 
to the ‘white compound’: let ranitroazoxy benzene and dimethyltetranitroazoxy • 
benzene. 


Sulphitation of Crude TXT ('Sellite ' Process) 

As known (V'ol. I. p. 332) the reaction of sodium sulphite with unsymmetri- 
ca l tfinitrotoluenes is a major reaction in the purification of crude TNT. known 
tinder the name of ‘Sellite Process’ - ‘sellite’ being the name of sodium sulphite 
solution. Sodium sulphite solutions have pll > 8.0. It is known how sensitive 
higher nitrated aromatic compounds are to bases and sodium sulphite (particu- 
larl y al a temperature, for example, above 40 45° C) can produce a damaging 
e,,ec * on TNT. It is therefore advisable to add a certain amount of sodium bi- 
sulphite to sodium sulphite to keep the pH value as low as possible. According 
,0 Clift and Fedoroff [71] 0.1 0.3% NaHSOj was added in the U.S.A as a 
buffer to keep the pH value down. 
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By -pnxiucis Formed in ihe Course of Purification of TXT 
with Sodium Sulphite 

The excellent paper by Chandler, Kohlbeck and Bolleter |68b] has drawn 
attention to the possible formation of the ‘new’ by-products in the course of 
sulplutation of crude TNT (‘sellite purification’). The authors noted a high 
reactivity of sulphonic group in meta position which derives from the sulphita- 
lion of unsymmetrical trinitrotoluenes. They explain the formation of 3-methyl- 
2.4,4' ,6,6*-penianitrodiphenylmethane (MPDM) (VIII) Irom 2.4.5-trinitrotolu- 
ene by the reactions ( 1 1 ): 



Another impurity previously reported [67. 68a] is 2.2 .4.4 .6.6 -hexanitro- 
bibenzyl (IINBB): 

The same authors |6Kb] also reported the difference between the quantity 
ot both products MPDM and IINBB in continuous and batch processes of 
the manufacture of I NT: 

Continuous methods: Batch processes: 

MPDM 0.1 0.32 0.062 

IINBB 0.1-0.52 0.012 

Industrial nitration of toluene to trinitrotoluene (Vol. I. p. 3 1 2) is described 
in the next paragraph. 


Utilization of Dinitrosulphonic Acids Formed in Sellite Process 
(Vol. I. p.389) 

In the widely used sellite process vast amounts of aqueous sulphite eflluents 
(‘red waters’) are present. Some efforts were made to recover the compounds 
and at the same time to remove them from red waters, as they are harmful to 
the environment. 

Red water is alkaline (pH 8.4) (98) and the products dissolved, slowly de- 
compose on standing. Stabilization was achieved by acidifying with 25% sul- 
phuric acid, allowing to stand for one week and then filtering [99] . The filtrate 
was extracted successively with benzene and ether and the solvent was evapor- 
ated. The precipitate from filtration and solid from evaporation amounted to 
0.47% of the weight of the red water and proved to he mainly 2,4,6-trinitro- 
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toluene. The stabilized (acidified) red water contains ca. 20% dissolved sub- 
stances: 


inorganics 

dinitrotoluene-sulphonic acids 
‘Red Tar’ 


According to Mall and Lawrence [99] Red Tar is composed mainly (90%) of sul- 
phates. Cfilbert [98] found that ca. 60% is composed of 2.4-dinitro-S-sulphonic 
and 40% of 2,4-dinitro-3-sulphonic acid. 

In another series of experiments [98] desulphonation was carried out on 
dinitrosulphonit acids. It is known that aromatic sulphonic acids can be de- 
sulphonated by heating with aqueous sulphuric and phosphoric acid but the data 
for dinit rosulphonic acid are very controversial and it appears that dimtro- 
sulphonic acid cannot be readily desulphonated [98] . 

Subsequently reductive desulphonation was tried by methods which do not 
involve the reduction of nitro groups A small yield (ca 5%) was obtained [ !00| 
of 2,4-dinit rotoluene on desulphonation of 2.4-dinitro-5sulplionic acid with 
sodium borohydride. 

Reductive desulphonation was reported for 2.6-dinitrobenzenesulphonic 
(101 1 and - 4 ,6-trinit robenzenesulphonic to m-dinitrobenzene |I0I| and lri . 
nitrobenzene [102] respectively. In both reactions A’benzyldihydromcoiin- 
amide ( the nicotinamide co-enzyme) was used. 

Among the most important methods of transformation of the sulphonic 
group the following were reviewed by Gilbert |9H| 

Animation with ammonia under pressure [103] ( I 2) 


HhOMi 
I|»\n . 


H2I 


This method seems to be too expensive owing to the use of butyl nitrate as 
a diazotization and reduction agent. Substitution of the sulphonic group with 
ydrazine [104. 105] gave poor yield and was not economically justified owing 
10 the expensive hydrazine. 

Substitution of SO,H with chlorine by reacting with POCI 3 and then remov- 
, . n ^ c [ ,lor ' nc with copper. The method was described for 2.4.6-lrinitrobenzene 
. I and 2.4-dinitrobenzenesulphonic [107] acids but it does not give the de- 
Slred resul ts with dinitrotoluene sulphonic acids [98] . 

More promising is the reduction of the nitro groups followed by hydrolysis of 
lh e sulphonic group [98 J (13): 
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| 


Reaction 1 13) may possess a commercial significance owing to the value of 
m toluylenediamine as a starting substance for urethane manufacture. 

Another promising reaction is the partial reduction of the dinitro compounds 


follow ed by hydrolysis of the sulphonic group [98] (14): 







II. S«l 4 


14 j 








The reaction was tried with stabilized red water. The yield was 43% of the 
reacted sulphates present in the waters. 

Recently a work lias been reported on the treatment of red water with 
surfactants containing amino and quaternary ammonium groups which can form 
insoluble products with TNT (and probably with sulphonic acids salts formed 
in the course of the scllite process) 1 75 ] . 

So far an adequate economic solution for the problem of utilization of 
sulphonic acids present in red water has not been found (see manufacture of 
TNT by Bofors-Chematur method [72] p. 177). 

PE.NTANITROTOLUENE (PNT) 



The compound was prepared by Nielsen. Coon and co-workers [16] by oxi- 
dation of 3.5-bis (diacetylamino)-2, 4 ,6-trinitrotoluene in 30% oleum with 90% 
hydrogen peroxide at 20-25°C(15): 
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<< II, < 01,0 
H, SO, reHu* 


(dijCnijS 


N(COTH, |] 


H,U| H;N<), 


PM (151 


Hip. 3:5 -J:a’C 
70-{ 

3,5 Diamino-2,4,6-lrini(iotoluene was made according ro the improved method 
of Palmer |69|. 

The wide range of melting points of HNB and PNT has recently been ex- 
plained by Coon |l I0| as the result of the isomerization of some of the m.ro 
groups in the course of melting (NO, — ONO> Subsequently a lower melt.ne 
mixture occurred. 

TNT MANUFACTURE (Vol. I. p. 345) 

Continuous methods are now prevalent in the industrial methods of the 
manufacture ol I NT. A general tendency is to use 

(1) relatively low temperature. 

(2) high concentration of acids 

nc first requirement ensures less by-products and particularly those pro- 

duced by oxidation, and the second can help to obtain higher vield at lower 
temperature. 

Nevertheless, batch processes are still in use. Mutasa and Matas;, (29| c ive 
parameters for the trinitration of dinitrotoluene Table 33. 

I AHI I 33. rnniir.it ion ol dinitrotoluene 


tom position 
v'f the acid 

UNO, 

ll 2 S0 4 

HjO 

no 2 

Tempera tu re c (‘ 
Rjtio IINOj. DNT 
Yield in %of DNT 


Nitr jimj: 
mi Mure 


1 10 

120:100 

92 


Spent 

Ji id 

I 5 
V2.0 
4.0 

2.5 


anhv l ,0Uld bC men,ioned here that a P a P er on t,,e nitration of DNT to TNT by 
used r ° US n,lrating «"«««« was given by Heertjes as early as 1953 (701 . He 

usintMh^ 3C,d m ' Xed Wl,h 40 S ° 3 and 3 vcry gootl resu!l was ob, 4ined by 

8 ne composition of the nitrating acid: 
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45-58% S0 3 
51-28% HNO, . 

With an excess of 103% HN’Oj (i.e. 203% HN0 3 as compared to theoretical 
100%) he obtained a yield of 98% while the temperature of nitration was kept at 
8I°C on mixing for 100 min, followed by heating at I09°C for a further 210 
min. 

Bofors-Chematur Continuous Method 

The Bofors-Chematur method is now' widely in use in many parts of the 
world. It emerged from Swedish Norwegian Chematur and Norsk Spraeng- 
stoffindustrie ( Vol I. p. 371 ) incorporated by Bofors in 1968 (72). 

The principle was given in Vol. I. hut it is being continuously improved, 
the present process includes: 

(1) nitration. 

(2) washing with water (presellite washing). 

(3) washing with sodium sulphite and bisulphite (‘sellite purification' ), 

(4) ‘post sellite' washing. 

(5) drying. 

(6) flaking 

/. Nitration. Raw materials: toluene or o-nitrotoluene. nitric acid (98% and 
55%) oleum and sulphuric acid are stored in tanks Iron, which they are fed to 
the process by metering pumps 

Nitration can start from toluene or rMiitrotolucne. /Miitiotoluenc being iso- 
lated as an important intermediate for dyes and medicinal products (Vol. I, 
p. 27 7). Nitration is carried out continuously in a series of nitrators through 
which the toluene or /,-nitrotoluenc and the nitrating acids How in a counter- 
current. In Iront of the first nitrator is placed an extraction vessel (not shown on 
the diagram) in which the residual nitric acid and mtro compounds are extracted 
Horn the spent acid by toluene. After extraction, the spent acid toluene mix- 
ture enters the cooling unit. Toluene which now contains some nitrotoluene and 
acid is separated from the spent acid and enters the nitrator. The spent acid is 
sent for distillation. 

All nitrators. extractors and spent acid coolers are equipped with ‘dynamic’ 
separators which have been described above Fig. 23. 

2. Presellite washing. TNT is continuously washed, in several washing vessels, 
by pure water to remove the acids. The washers are equipped with dynamic 
separators. The waste water, known as ‘Yellow Water’ is either sent to the wash- 
ing system or to the absorbers, retaining the acids and organic products. 

3. Sellite purification. The TNT is continuously treated with sellite solution 
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in a series of washers. The pH level is controlled by pH meters. The washers are 
equipped with dynamic separators. The waste water, called ‘Red Water' is trans- 
ferred to a special destruction unit where water is evaporated and the remaining 
organic material is burnt. 

4. Post sellite washing. The purified TNT is treated continuously in a washing 
system with pure water. The washers are equipped with dynamic separators. The 
waste water is transferred to Sellite purification. The washed TNT is transferred 
either in water emulsion or in molten form to the drying unit. 

5. Drying. TNT is dried by heating with steam to 85-90°C and passing hot 
(75°C) air to agitate the molten substance. 

6 • taking. The dried TNT flows by gravity to the flaker which is a standard 
apparatus |Vol. I, p. 380. I ig. 38). It consists of an iron or steel drum rotating 
at constant speed and cooled inside by cold running water. By regulating the 

depth of immersion of the drum in the molten TNT the thickness of flakes can 
be controlled. 

Design of Nitrators equipped with Centrifugal Separators. 

The centrifugal separators which are usually given as an addition to the nitra- 
tors or washers (Fig. 23. 24). can be installed inside the reactor or washer. This is 

depicted in f ig. 26. It can be used for the capacity of the nitrator below 12S0 
kg/hr. 

TABLE 34 

The raw material* required tor the production of 1000 
of TNT arc: 


Toluene 4 x 5 kg 

Oleum 20% 2250 kg 

Nitric acid 55% and 98%calculaled 100% I I0<» kg 
Sodium xulphite 65 kg 

Sodium bisulphite 10 kg 

Sulphur dioxide I kg 

I nergy consumption per 1000 kg TNI arc: 

HT Electricity and LT Emergency I 35 kWh 

Cooling water 28°C 50 m 3 

Cooling water 1 5°C 50 m 3 

Skam U50k* 

Processed water 2 m 3 


Low Temperature Process for TNT Manufacture 

Haas. Yee and co-workers (40) developed a method of low temperature 
ro uction of TNT. The main features of the method consist of: 
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l IG 2f> lb'lt»i*-N«»rcH ( cntnlugal Separator installed in a reactor. Courtesy 

A B llolors-Noliel-t'liem itur 


1 1 ) co-current llow ol single phase ilie anhydrous acid and the nitro com- 
pounds, 

12) low temperature (-I0C ) of dinit ration. 

(3) crystallization and filtration of TNT from the anhydrous nitrating acid. 

A diagram of the system is given in I ig. 27. Dinitration has already been des- 
cribed and a diagram of the nitrating system given in f ig. 21. Trinitration 
occurred at 90°< . below GOT it was insignificant, at 90°C the complete reaction 
ol trinitration of DM occurred at a batch process in ca. I hour. At 90° C an 
excess of oxidation occurred. The following feed material is added at a con- 
tinuous rate to produce ca. 22 kg TN'T/hr: 

93 kg/lu of mixed acid, 

85 kg/lu of dinitroeffluent containing DNT, 

13 kg/hr of DNT from the dinitrator. 

The composition and flow rate in the continuous method are given in Table 

35 . 
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W.i«. 


arui 


EIG 27. Diagram "I Km icinpcrjturc TNT pr«Kv»*. .icordmt! i.» II.i.i\. N «•» 

cl at. |40| . 


TABI.I 35. Composition ol irmiluium ctlluoiit 


6m pound 

Mow 

kf.-kg T\r 

Wl 

# J 

TNI 

1.4 

III 

5 

IINOj 

0.65 

J 

*T 

lljS0 4 

4.6 

*4 

3 

SO, 

O.K 

•» 

5 

NOIISOj 

1.0 

12 

o 


Crystallization. A diagrammatic presentation ol the process is given in I ig 
28. The solvent was the trinitration acid of the composition 10 o" UNO,. 
7 5.8% ll 2 S0 4 , 10.6% SO,. The solubility Jt different temperatures is collccied 
in Table 36. 

The process is Ungrammatically depicted by a scheme big. 2*. Hie lust 
three vessels are cooled with water of 50. 30 jnd I0 3 ( and the last two with a 
brine containing 25% NaNOj at temperatures of— 5 and — I5°C. The acid lor 
the crystallization should not be too cold, as it would produce crystals which 
werc too small and could block the pipes connecting the vessels. 

The acid flowing from the crystallizer contains ca. 5.3% dissolved TNT anu 
ca - 9.7% HNOj the rest being sulphuric acid. SO, and nitrosylsulphuric acid. 

passes to the first (hot) crystallizer, after the draining of TNT. it is washed 
w, th 70% sulphuric acid, followed by washing with water. 
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Tnnitraior 


iModuc: 80 C 



Crystallizer reeved p.ocess fecycU . ac.,1 


IK. > I M pif'Uiy'talhzjiiun unit. IEuis. Yce r/ <r/ |4n 


I A It I l \t> Solubility of TNT in tlictrinitration ai id 


leinptT.iitiios 


Dissolved concentration 


7u 
Ml 
4 5 
:s 
o 
I't 
3ll 


I 7. 1 

i ; • 
Hi K 
7 7S 
5.X 
5.3 
* I,' 


The till rate removed from TNT contains ca. 66% ot nitric and sulphuric acid 
and SO, used lor the trinitration jnd is recycled to trinitiation alter the addi- 
tion ol acids. 

Manufacture of T\’T in the U.S.4. during World War II 

Fcdoiolf 1 73 1 reviewed the methods of the manufacture of TN I in the 
U.S.A.. alter the description was declassified in the late 1960s. Some parts ot the 
description possess an historical significance, but can create a good insight into 
the development of technology of one of the most important explosives. 

One-stage Nitration of Toluene 

During World War I. one stage nitration of toluene to TNT was carried out 
using a Hough nitrator (Vol. I. p. 157. Fig. 31). The nitrator was filled with 
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25,000 lb of Ihe nitrating mixture (no composition was given). Toluene (2500 
lb) was slowly introduced through a spray at 50°C. Gradually the temperature 
was raised to 1 10°C. The total time was 3 hours giving 5300 lb of TNT (85% 
yield). 

Two-stage Process of Nitration 

This method was in use at the Barksdale, Wisconsin plant, of the du Pont Co., 
the only TNT factory in the country between the two world wars. It consisted 
of mononitration and combined bi-tri-nitration. 

Mononitration: toluene in a very thin stream was introduced to mono mix 
for 3 hours at ca. 57°C. The charge was ‘cooked' for 1 hour and then settled to 
separate mono-oil from the acid. 

Combined bi-trinitration: mono-oil was added very slowly to a mixed acid 
containing 16% MN0 3 , 82% H 2 SO* and 2% H 2 0. The ratio acid/mononitro was 
9.5. During 2.5 hours of mixing, the temperature gradually rose to 120 I25°C. 
The separated crude tri-oil was washed by agitating with hot water, dried and 
purified by crystallization with carbon tetrachloride. 

Three-stage Process 

This method was used from 1941 at Glen Wilton. Virginia and did not deviate 
from, at that time, the existing practice. The mono-nitration and di-nitration 
were carried out w ith the spent acids of dinitration and trinitration respectively 
mixed with 60 62% nitric acid. Mononitration was usually carried out in two 
stages to avoid the vigorous reaction of toluene with nitric acid. The idea was 
similar to that used in Germany (Vol. I. pp. 357-359). In Glen Wilton toluene was 
pre-mixed' in a mononitrator with a large quantity of acid composed of 7^ 
HN0 3 , 55% ll 2 S0 4 and 38% H 2 0. After that mononitration acid was added to 
complete the nitration. The spent acid from mononitration was sent to the Re- 
covery House' where nitric acid was distilled off (see Chapter on Denit ration). 

Trinitration was achieved with mixed acid composed of 97-100% nitric acid, 
sulphuric acid and oleum. It contained ca. 60% H 2 S0 4 .tti 40% HNOj and a 
small amount (cj. 0.3%) of N0 2 . 

direct Nitration Process 

The so-called 'Direct Nitration' method was developed during 1942-45 in 
jkloeil, Quebec under collaboration between Canadian Industries Ltd and du 
Pont Co. (It was erroneously described [74) as being placed in Plum Brook 
Ordnance Work.) 

This is a three stage process using essentially the method with three concen- 
,f ations of mixed acid. The factory in Beloeil was making over 450.000 t of 


TNT per month. Later in 1942 another factory in Keystone Ordnance Work, 
U.S.A. started using exactly the same method as that in Beloeil. The main data 
on the method can be seen in Tables 37, 38, 39 and 40. 

The advantages of the ‘new’ method called ‘Direct Nitration' are given below. 
1. Better heat control is possible, because the addition of toluene to 7-8 
times its mass of nitrating acid, allows more efficient dissipation of heat of re- 

TABLE 37. Compositions of acids 


Nino 


T ype of acid 

HNOj 

1*2 SO* 

Nitrosyl- 

sulphuric 

acid 

compounds 
soluble 
in ether 

H 2 () 

Density 

at 25 °C 

Mononitration 

14.2 

48.2 

166 

1.8 

19.2 

1.68 

Spent acid 

after mononitration 

3.5 

55.7 

16 8 

0.3 

24.0 

1.67 

Dinitration 

13.0 

54.3 

169 

9.0 

7.8 

1.78 

Spent acid 

after dinitration 

4.4 

62.4 

15.8 

2 7 

14.7 

1.78 

Trinitration 

1 Oleum 

4.9 

103.7 

0.3 

— 

— 

1.95 

2. ‘Semi-mix' 

62.0 

43.0 

0.3 


5.0' 

1.83 

3. Final 

Composition 

23.3 

82.7 

0.4 

0.2 

-6.2* 

1.93 

Spent acid 

after trinitiation 

3.4 

63.5 

17.6 

13.5 

2.0 

1.87 


• Maximum amount of water which can he added to obtain a mixture free of water. It 
can be used as a criterion of the concentration of water in the acid mixture. 


TABLE 38. Main parameters of the nitration 



Weight 

ratio 

Temperatures of 
nitration 
( c C) 

Time of 
nitration 
(min) 

Mononitration 

Acid/Tolucne 

1.35-38° 



7.8 

2. 54 - 51 ° o 
cooling to 38 

40 45 

Dinitration 

Acid/MNT 

1.82° 



3.7 

2. 84 -86° Q 
cooling to 65° 

45 

Trinitration 

Acid/DNT 

I. 79 80° 



2.4 . 

2. 90-91° 

3. 110-111° 
cooling to 93-96° 

90 



% 
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TABLE 39. Material balance in 'direct nitration' 

June 1945 

at Keystone, 

Yield of TNT in kg for 100 kg of toluene 

209.84 kg 

Raw materials for 100 kg TNT 
Toluene 

Sulphuric acid 

47.66 

Nitric acid 

211.67 

Scllite* 

145.19 

Sodium carbonate 

10.29 


5.02 

A ad Mummed and lost for 100 kg TNT 


Nitric acid consumed and lost 

105.72 

Nitric acid recovered 

Sulphuric acid lost 

37 45 

Sulphuric acid recovered 

1.72 

Mean .citing point of TNT 

209.95 

80.4 


* Sodium sulphite. 


T ABLE 40. Acid con sumption and k*s*, pcI l0() kj . |otaene 


Nitric acid m mononilration 
Nitric add in dinitrarinn 
Nitric acid in triniiution 
Sulphuric acid 


90 kg 
90 kg 
• 25 ki; 
450 kg 


’ne.hodrJhtJlTm^TmoIm' o' l^lpLlnc 'h^^.ol'u "" ^ P ° SSib ' C ,he 

^ -s of , riniIfalion b^t^ S otm" <*'**' *«■ ~ 

">cihod. tecTuse fif' addino'n of a smanma"”^ , Sh ° rlCned by US '"S lhe new 
acid in -e nitralor, obj^ I’m IT °L °" '° 3 " f 

sr - — — -itsa s rr s zis 

P*«iure e o f n nT t ™i 0 ^ he iS posIbUiTy'offt "7"? ' aPid lncreaie ln ,he •«"' 

,s v «fy slight. These gases consisting of ‘ T ga "° US « x P l “'v« mixtures 

Pounds) mixed with air o, ( ° r vola,ile n "ro com- 

s Pace above the nitnfPt methane. They accumulated in the dead 

“ “ fer beCaUSe ' here is P rac tically no accumulation, on 


N.TRO DERIVATIVES OF BENZENE. TOLUENE AND ARO.M AT.CS 1 , 

oounTT ° f ,hC ^ la> ' er ' ° f ' argC qUanti,ies of ^nitrated organic cor 
of acS „ ■ 7 T P0[,i0n 0f 0rganic subs,an « introduced under fhe su fa 

of acid, nitrates almost completely, except in trinitration Mnrm it - . . 

“ limits' 

oforgantc substance. Also the proportion of organic compounds to adds aa n 

SKsar/jisa'*--- * * 

r~ = 

face toluene '(or MNTl J ZtTi agl,a,i °" and ,he use nndersu, 

exS eats t °" T* d * layed rcacli °" s ( sleeper charges',. 

TtTTT' b \ m0,C effiCiem d,s,ribu " on the heat of reaction 
TNT was' important' d b> pr ° duC "°" and d ™' cos, ol 

It is interesting to note that the direct method of nitration was attemm-H in 

Keystone* Ordnan ce '1' ^ F*** 

l ,na,S md,caled ,he *'«< benefits derived from 
method ssever, the early European experimentation indicated that the 

.ore andZeT, “f ,ha * “ ^ ‘-.tol the important tl^a 

we-e due to im f ^ Pr ° bable ,hal the difn culties encountered 

niuator „ ° PrOPe ' ° f °' MNT 01 ™T to the acid in the 

positions 3gl ' memc,em coolin B and the use of incorrect acid com- 


Purification of Crude TNT 

Three methods of crude TNT purification were in use in the U.S.A : 
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( 1 ) ‘Soda- Ash’ (sodium carbonate) process introduced by du Pont Co.. 

(2) Ammoniacal ‘Sellite’ (ammonium-sodium sulphite) process introduced 
by the West Virginia Ordnance Works of General Chemical Co.. 

(3) The alkaline ‘SelUte’ (sodium sulphite) process of Hercules Powder Co. 

All three methods were designed to shorten the time of the operation and to 
reduce the quantity of water used. The latter requirement was dictated by the 
necessity to reduce the pollution of streams and water-ways with toxic sulphite 
lutions. To accomplish this completely the sulphite solutions were evaporated 
a quadruple-effect evaporater to a thick syrup, the syrup was then fired in a 
tary kiln incinerator to give an ash which was harmless to fish and animal life, 
e number of water washes of TNT was also reduced. 

•Ash Process 

Crude ‘Tri-oil’ was washed with a small amount of hot water, followed by 
adding cold water to reduce the temperature in the wash-tank to 68°C. TNT 
lidified as fine crystals. 

Sodium carbonate 20% solution was added to neutral (on litmus) reaction 
d care was taken to avoid an excess of alkali harmful to TNT. A solution of 
>6-17% NO, SO, and 0.1-0 3% NallSO, was added. The sodium -hydrogen 
phite was used to avoid alkaline reaction and also served as a buffer. Cold 
ter was added to thicken the charge, the whole operation lasted 45 min The 
duct was screened through a 10 mesh sieve, centrifuged and washed with 
ter. Larger particles were returned for reworking. 

The washed TNT was dried (at 1 10°C) and flaked (Vol. I. p. 380. Figs 93. 
)• The ‘Maker’ is a steel drum rotating at constant speed and cooled on the 
de by cold running water. By regulating the immersion of the drum in the 
olten TNT in the pan. the thickness of the solid product on the drum iscon- 
Ued. A steel scraper removes the adhering TNT. It seems however (for safety 
eposes) preferable to use a bronze scraper as in the French method (Vol. I. 


moniacal Sellite Process 

TTm method is similar to the ‘Soda-Ash' process. The difference consisted of 
■8 a solution of sodium sulphite (16-1 7% Na 2 SO,) added with ammonia gas 
u Ming it to 2% free NH,. The solution should have pH = 5. The pH value 

0 8.5 after mixing the solution with TNT (15 min). The solution contains 
° n ‘ Um nitrate . sulphate and sulphite. Free sodium sulphite causes the form- 

^ a red colour in the slurry’ of TNT with the aqueous solution. TNT made 
• . mel ^°d * s slightly darker owing to the action of ammonia on 0- and 

1 r °toluene producing traces of 2.4- and 4,6-dinitro-3-toluidine. Traces of 
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these impurities have not been found to adversely affect the quality of TNT. 

The aqueous solution removed from TNT was not evaporated to incinerate 
owing to the presence of explosive ammonium nitrate in the solution. 

Alkaline Sellite Method 

Crude TNT is mixed with hot water and cold water is added to crystallize the 
product at 71 9 C. After washing to reduce the acidity to ca. 0.3 % 1I 2 S0 4 . a 
calculated amount of Sellite solution was added containing 14.8-1 5.2% Na.SO, 
and l.l 1.6% \a 2 (0,. Mixing at Tl’C lasted for 6 min after which the TNT 
was filtered. The washing, remclting. drying and flaking operations were carried 
out in the usual manner. 


SAFETY OF MANUFACTURE AND HANDLING OF AROMATIC 
NITRO COMPOUNDS. PARTICULARLY OF BENZENE AND TOLUENE 

(Vol. I. p.39l) 

Although the number of accidents in the nitration of aromatic hydrocarbons 
is relatively small, the danger of the processes should not be underestimated. 

As regards benzene and toluene the first and last steps of the reaction are 
particularly dangerous, i.e. the vigorous reaction of the hydrocarbon and the 
final nitration to introduce the second and third nitro group into benzene and 
toluene respectively. 

An instructive description of a considerable number of accidents is given by 
Biasutti ( 76b | . 

In addition to those reported in Volume I. two accidents are described here. 

In 1944 in a German factory which was built to the pattern of that of Kriim- 
:rcl (Vol. I. p. 35 7 ) an explosion took place during the nitration of benzene to 
nitrobenzene for the further nitration to dinitrobenzene. The reaction was 
carried out in a nitrator of 15 nr’ capacity. The nitrating mixture was added to 
benzene. 

I he explosion took place at the beginning of the reaction and demolished the 
building, although the nitrator suffered only slight damage. The conclusion of 
the investigatron was that the explosion was produced by a gas mixture of 
benzene/air due to benzene leaking frdm the nitrator. This was probably the 
result of overheating the surface of the liquid in the nitrator. This in turn was 
the result ol inadequate mixing produced by the incorrect design of the pro- 
pellant stirrer (too small and too slow) and leaks from the nitrator which filled 
the building with explosive vapours of benzene/air. 

The explosion took place through the discharge of static electricity. 

As a result of the accident it was decided: 

( 1 ) to change the design of the stirrer to achieve better efficiency; 
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graphite 

paraffin oil 

mineral oil (lubricant) 


289°C 
260° C 
249° C 


L. C. Smith ( 1 29) pointed out that molten TNT can catch fire when mixed 
with activated charcoal (Norit). The mixture TNT (Norit 50) 50 begins to de- 
compose at 1 1 0°C and at 1 74°C can produce an explosion. 


Environmental Problems of TNT Manufacture (Vol. I, pp. 161. 389) 

Two environmental problems are connected with TNT manufacture: 

(1) poisoning of the atmosphere with tetranitromethane (TNT): 

( 2 ) the disposal of organic products formed during the sellite process. 

The material balance shows that 0.4 ton of TNM and 4 tons of isomeric b>- 
products are formed for 1 00 tons of TNT |98) . 

With regard to the recovery and use of TNM. its conversion into nilroform 
was suggested in the U.S.A. (98). The known method of acting on TNM with 
aqueous alka'i and hydrogen peroxide was recommended (Chapter VIII). Al- 
though the demand for nilroform exists and the method was economically 
justilied. the application of the method was discarded the quantity of mtr >• 
form obtainable was insufficient for potential requirements, and th-' requirement 
of the Environmental Protection Agency (EPA) can be satisfied by tlie destruc- 
tion of I NM with sellite so that the substance will not he vented into the atmos- 
phere. 

With regard lo solutions from the sellite process ( red waters') the problem ol 
recovery of nitro compounds from the solution has already been discussed (p 
173). None ol the suggested methods have received practical application and it 
appears that the best method of dealing with sellite wastes is evaporation lodry- 
ness and burning the residue as in Bofors-Chcmatur method |72| . 

Also the purification of TNT by crystallization from the acids (see also Vol. I. 
P- 378) should be considered. It offers the advantage that acids used for crystal- 
Nation are recycled and enter the production process However, the impurities 
P rese,, t in the acid alter crystallization are introduced into the mtrator which is 
a drawback of the method. 


°ther nitroaromatics 

I r Nitro Derivatives of Hydrocarbons 

i , . j n recem years very little attention has been given to nitro derivatives of 
j ?r homologues of benzene. Some of the homologues (e.g. xylenes) have be- 
i COl !J e ‘ m P or, ant starting substances in the production of valuable intermediates. 
le only paper of any significance on the homologues of TNT was given by 
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Desseigne [1 19). It referred to 2,4,6-trinitroethylbenzene (Vol. I, p. 414) which 
was obtained by a three-stage nitration of ethylbenzene. The yield was 77.7 % 
and the setting point of the product 37°C. 

Nitro Derivatives of Halogenohydrocarbons 

Some halogenonitrohydrocarbons recently achieved importance as inter- 
mediates in the formation of important explosives. Such are: 1 ,3-dichloio- and 
1 ,3,5-tnchJoro-2.4,6*trinitrobenzene which can serve to obtain high melting 
explosives: DATB and TATB (Chapter VII). 

1.3-Dichlorobenzene can be commercially obtained by chlorination of m- 
dmitrobenzene (Vol. I. p. 193) and nitrated to the trinitroproduct which can be 
converted to DATB. A description of the industrial method of making 1,3,5-tri- 
chloro-3.4.6-trtmtrobenzene was given in Vol. I, p. 469. 

Nitrophenols (Vol. I. p. 492) 

Relatively little attention is paid to high nitrated phenols as explosives, but 
some of them (e.g styphnic acid) became important because of the initiating 
properties of their salts. 

Picric A cid 

Picric acid remains the best known highly nitrated phenol. 

Some characteristics can be found in the monograph by Meyer ( 1 1 and atten- 
tion was paid to chemical properties of picric acid and its substituted derivatives. 
Thus Pearce and Simkins (86) determined pA a values (by calculation and 
experiment) of alkyl homologues of picric acid and its methoxy or halogen 
derivatives. The pA a values fit well with data predicted from the Hammett 
relation. Styphnic acid however shows a deviation. 

The mechanism of the substitution of sulphonic groups in phenol by nitro 
groups was extensively studied by Lesmak and T. Urbartsk; |130| and to tins 
purpose the chromato-polarographic method introduced by Kemula and associ- 
ates (131) was used The trend of the nitration of o- and p-phcnolsulphonic 
acids with nitric acid can be depicted by diagram (16a): 



so,n so, II so, II NO, no, 
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Thus the diagram on p. 501, Vol. I remains valid particularly as regards the 
nitration of p-phenolsulphonic acid. 

The mechanism of the attack of nitric acid upon phenolsulphonic acids was 
rationalized by T. Urbariski and LeSniak as passing through the addition stages 
forming transient yellow coloured quinoid structures (16b) 


OH 

6 " 






OH 


MONO, 


SO, II 
NO, 


HO OH 



HO, S' NO, 




NO, 


♦ II, so 4 


(16b) 


• II. SO. 




Salts of Picric Acul 

Salts of picric acid are important for two reasons 

(1) for their sensitivity to impact and friction which can be dangerous but 
can also be of practical importance in initiators and pyrotechnic com- 
positions, 

(2) they do not possess the undesirable property of picric acid, which is its 
acidity. 

The salt in practical use is ammonium picrate. Its properties were described in 
^°1» I, p. 528. During World War II and explosive ‘Picrator composed of 52% 
•nunoniuin picrate and 48% TNT was in use by the U.S. Army. 

4 D wtro resorcinol (Vol. I. p. 536) 

A semi-industrial method of making 2.4-dinitroresorcinol was given by 
c eroulle and Soule [ 1 33 ] . It consists of two stages: 

(0 Nitrosation 
(2) Oxidation. 

Ir £ 5atl0n ‘ ^ he reactor wa * filled with 280 1. water and 62401. sulphuric acid 
)- 1 1 ,200 kg resorcinol were introduced and 1 00 kg of ice. A solution of 
° r s °dium nitrite dissolved in 28 1. of water was added. Yellow coloured 
r0S0 COin Pound was precipitated and immediately the solution was added to 
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480 g sodium sulphate in 2 I. of water. The precipitate was isolated by filtration, 
washed with cold water to neutrality (ca. 20 1.), finally it was dried and sieved 
with ethanol (2 I.). 

The yield was 16 kg. i.e. 93.5%. 

Oxidation. The reactor was filled with 45 1. of toluene and 10 kg of dinit roso- 
resorcinol. It was cooled to — 5°( and over 8 hours 15 1. of nitric acid (d 1.35) 
diluted with 15 I. water were added. The product was filtered and washed three 
times with 30 1. water. 


Purification 

The dry dinitro compound was dissolved in 80 I. ether, the solution was fil- 
tered and ether distilled off. The product was dissolved by boiling with 140 I. 
water, then cooled and collected on a filter. 

From 11.200 kg resorcinol 6500 kg dinitro product was obtained, i.e. the 
yield was 54 55%. 


Stvphmc Acid (Vol. I. p. 538) 

Two papers |S7. K8] have described a novel method of making styphnic acid. 
Both consist of two steps (1 ) nitrosation of resorcinol to dinitroso derivative, 
(2) oxidation and nitration of the dinitroso compound (17) 



The second step of the reaction can be carried out with nitric acid (d 1.40) 
at room temperature. 

The advantage of this method as compared with the usual one of sulphon- 
anon and nitration is that in the usual method excessive foaming occurs. 

The disadvantage of the new- method is the fact that the dinitroso compound 
precipitates as a very fine powder, which is difficult to separate by filtration. 

The properties of salts of styphnic acid will be given in the chapter dedicated 
to initiating explosives. 


Tetranitrodian 

2,6.2' .6'-Tctranitrodian was obtained by Szeky [89). Its salts can be used as 
potential ingredients of pyrotechnic compositions. 
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NO, NO, 

IX m.p. 230-232°C 


Sitro derivatives of a tribromophenol homologue. Zincke and Breitweiser 
[ 116 ] have found that dinitration of a tribromophenol homologue in the pre- 
sence of acetic acid yielded two isomeric products. It was recently established 
(due to modern methods) (117] that nitration can also produce an interesting 
acyloin rearrangement leading to a five-member ring compound according to 
scheme (18): 



Picric Acid hi hers 

Nitroanisols. Nitration of anisol to o- and p- nitroamsol wasstudtcJ by Scho- 
field and co-workers |90| . Mononitration in 54 82* sulphuric acid at 25°( 
gave the ratio o/p * 1 .8 0.7. 

Nitro derivatives of diphenyl ether (Vol. I. p 549). Adamska and Okon |9I | 
prepared a number of methyl derivatives of penta- and hcxadiphenyl ether, tor 

example, 3,5-dimethyl-2,2'.4.4'.6.6'-hexanitrodiphcnyl ether. 



NO, NO, CH, 


X m.p. 154- 1 56*C 

Nitro derivatives of aniline (Vol. I, p. 556). With the exception of hexanitro- 
diphenylamine nitro derivatives of aniline are not in use as explosives. Some of 
lhem are intermediates of reactions leading to highly nitrated compounds by 
oxidation NH 2 — ► NO : according to the method of Nielsen, Coon et al. [10. 
,6 )- See also (38). 
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Hexanitrodiphenylamine (Hexyl) (Vol. I, p. 562) 

The data on explosive properties are also collected in the monograph by 
Meyer (I). Some relatively new interest was created by salts of hexyl. They 
possess properties similar to those of picric acid: they burn readily and some of 
them show initiating properties. 

Due to a very low solubility of its potassium salt, hexyl is used as a reagent 
for potassium. Also a suggestion was made for using hexyl to extract potassium 
from sea water |92] . The precipitated potassium salt treated with nitric acid 
yielded potassium nitrate which on evaporation crystallized out. 

A considerable number of papers appeared by J. Hirst and co-workers (111] 
on the reactions of picryl chloride with substituted anilines. They studied the 
kinetics of the reaction and the infiuence of the substituents in aniline on 
Arrhenius parameters and rate constants 

Among other kinetic studies of picryl chloride and l-chloro-2, 4-dinitro- 
benzene with bases the works should be mentioned of Parker and Read [1 12] 
and Zollinger and co-workers (113) which have shown a much higher reactivity 
of picry l chloride. The reactions are greatly influenced by solvent and in some 
instances l-chloro-2. 4-dinitrobenzenc is more reactive than picryl chloride [1 14). 

The reactions belong to addition elimination reactions AK S N Ar [ 1 1 5 ] . 

Picramic Acid (Vol. I. p. 571 ) 

A detailed description was given (93) for making picramic acid from picric- 
acid and sodium hydrogen sulphide at 50 55°C with a yield of 88 90*. 

Other Aromatic Nitro Compounds with Amino Croups 

Some other jromatic nitro compounds such as DAT B. I Al B and DIPAM aic 
of great practical importance and arc described in Chapter VII (Heat Resistant 
Kxplosives). 
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APPENDIX I 


DERIVATIVE'S OE II XI OGENO BENZENE 

,1k- iitro derivatives of chlorobenzene were described in VoL I. pp. 4S«) 471 

IS:; i?rr?, n hT ^-c a,,cn„ 0 „ 

Bl a (Made of N O. | a^ RF ? . , h ' loftno d - nvj " v '' »f bentenc with NO,' 

-finhcd different icacliviihM (Tah?e Al,. 3 ' l>IVCn ' *' 25 ° l 3 " d 


TABU Al 



Relative 

reacliviiy 

O’ 

Products % 

m 

B.-n/orc 
1 luorohen/ene 
Chlorobenzene 
Hromobenzene 
lodohcnzene 

1 0 

0.45 

0.1 4 
0.12 
0.28 

8.5 

22.1 

25.7 

36.3 

0.7 

II 


91.5 

76.6 
73.2 

63.7 


sulphudc^cid^ri^^r’j J : i l ?h ,r3,Cd 7 - 4 ^' n ' ,ronuoroben «nc with N0 2 + HS0 4 in 100% 
I 111 rm • in . ‘ ( f ‘ hoUr ' and ob,aincd P^ryl Huoridc With the yield of 40%. 

m 5h?> " S a grca,er than chlorine in nucleo- 

-K Paid 10 1.3.5 «rifluorotr, nitrobenzene and 


U.5- Th//uoro:riniirohcnzcne 

£ , A - ,r P '°" d prcpjrj '"’ n described |«|. Ifieh reacliviiy of fluorine cx- 

bromo-nriro c'm^und' "'' rU ? '° UP ' “ h ' Ch uf «!«•»«* chioro- a'nd 
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I 

NO, 



mp 80 - I2*C 

NH > NH, 

NO, 


Ml. 



NO. 






I* VC 


«r p :;rc 

II 




•rnr 


in 


The yields of Ml and III Here 42. 12 and 1 8% respectively 

"S'* vtolen,ly w ' ,h ... the rrtMjuB 

,lh ,,th,um ' Jlt of dinitromethanc resulting in ibrnumin «>t l\ 



( ( NO, lj 21 • 
NO, 


A similar reaction u ith picyl chloride- was described hy I remenko and ,, corkers |SI . 
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APPENDIX 2 


ANALYSIS OF NITRATING ACIDS 

Although analytical problems arc outside the scope of the present book, it is advisable 
to mention the methods of rapid control of nitration. A considerable attention was recently 
paid to methods of acids analysis. 

A brief description and references are given below The novel methods are: 

( 1 ) Injection thermometry of Oehmc and Ertl (II. 

(2) Automation control of nitration by Belyaev. Kapustina and Peshekhonov (2J. 

(3) Redox titration of nitric acid in mixed acid 1 31 (see also Chapter 1 1 ). 

(4) • In-line" analyser of nitric acid by: 

(a) refraetometry 

(b) coulomb-polarography |4] 

(5) High-frcqucncy conductometric titration of mixed acid (5) 

(6) Polarographu. determination of nitric acid |6| 

( 7) B\ adding substances which can readily be nitrated by spent acid and the products ot 
nitration can be quickly determined spectroscopically. One o! the methods consists 
in adding salicylic acid which furnished two isomeric nitro compounds: 3- and 5* 
nitrosalicylic acid ( 7 J . Their yield was determined by UV spectroscopy, 
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1. r.OEIIMI and S. I RTL, Chemir-Technik 10.439(1981). 

2. D V HI LYAI V. N V. KAPUSTINA and A. A PI SHI KIIONOV. USSR Pat. 799809 
(1981). 

3. V. |. YAMPOLSKAYA. Khim. Prom., sc; Met. Anal. Control, 24 (1981). 
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Khrm 27. 807 ( 1972) and references therein. 
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APPENDIX 3 


Niebcn and co-workers described recently ( 1 ) the preparation of dccanitrobiphcnyl 
through a sequence of reactions starting from methyl ester of 4-chloro-3.5-dinitrobcnzoiv 
acid: 



REFERENCE 

LA. T. NIELSEN. W. P NORRIS. A. I. ATKINS and W. R VtOMO. / Org. Chem. 48 

1056 0 983). 
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CHAPTER 7 

HEAT RESISTANT EXPLOSIVES 

££ “s; new line of “ - «*-■ « - 

an expuive «•** 

sometimes neccsaty to shoo, cxp^ “ 

cii n s,cd ,ndus,ry - ° p " = 

Which are stable at ekla"ed W "Lp P e w P '° gn ™™ S lo ' ex P |osive compounds 

sSlK! 

suitable for such stores. ^ conven,ional explosives are un- 

asar. 's£'a Sr" i 

in space applications i\ g i tempera,ures and low pressures encouniered 

be on kilogram rather thn ^ * manufaclure of these explosives is likely to 

Sometimes^even comnle x xv nth" • * * bU ' ‘ he applica,,on “ highly cntical. 

exhibits the requW,7J o„?m 1 , r0U ‘ eSCan beadop,ed ’ P’™*'* the product 

•ion satisfactorily afte, aoo on ViP ° Ur P ' eSSUre and "' e abilil > func - 
heating a , ' appr0p e o nv,f °"™"‘al '"als. which mav include 
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d 'Phen"f beX3n '' rOS ' ''bene (HNS) and diaminohexani.ro- 

f0[ seismic expenmems on he ITf* f esepara,ion «" space rockets and 

P on the moon [7) . Single aromatic ring compounds, such 
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as m-diaminotrinitrobenzene (TATB) have also been found to be of practical 
value in various space applications. 

There has been speculation about the relationship between the exceptional 
thermal stability of these compounds and their molecular structure. Thermal 
decomposition studies show that the stability is associated with high melting 
point and low vapour pressure and there is evidence that the rales of decom- 
position arc enhanced when substances are in liquid or vapour phase; they reach 
a higher energy level when molten or vapourized |8| . 

Solid state physical structure appears to be as significant as chemical consti- 
tution in determining the stability of explosives, but apart from crystal structure 
determination on lower molecular weight compounds, such as diaminotrinitro- 
benzene |9| there is little information available on the magnitude of molecular 
interactions or crystal lattice effects in these remarkable explosives. 


MTRO DERIVATIVES OF BENZENE 

1 .3 Diamino 2.4,6-triniirobenzenc (DATB) (I) and 1 .3,5-trinitro*2.4,6-tri- 
aminoben/cnc l T A I B) (II) have qualified as heat resistant explosives among t lie 
various nitro derivatives of benzene. 



Several complicated procedures lor the syntheses of diaminotrimtro benzene 
(DATB) have been reported. In one of these, the synthesis is accomplished (10 
12) by vigorously nitrating m-diclilorobenzene at elevated temperatures. 1,3- 
Dichloro-2.4.6*trinitrobenzene thus obtained is aminated in methanol to yield 
DATB 1 13) . The yield has not been reported. 



The second approach comprises the preparation of dipyridinium styphnate 
irom styphnic acid in 94% yield. 1 ,3-Dichloro-2,4,6-trinitrobenzene can be ob- 
tained in 98% yield by allowing phosphorous trichloride and dipyridinium styph- 
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II 
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'V 

r ■ 
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1 1 
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• 1 
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I \ l|t 



(II) 



• 2> 
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' erial «««* to exp*" Te !!* C ° mpre5Sed ot P'asMe bonded 

pand considerably. Subsequently Kolb and Rj M „ | 45 | 
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examined anisotropic thermal expansion between 214 and 377 K by X-ray 
analysis and found that the unit cell of TATB is formed by the planar sheets 
of the molecules whereas an amino group interacts with an ortho nitro group 
of the same benzene ring and with a nearest neighbour molecule. The sheets 
of TATB are bonded by strong intra- and intermolecular hydrogen bonds. 
A thermal volume change of 5.1% was found, Expansion was almost exclusively 
a function of a 4 /r increase in the axis perpendicular to the sheets of th? mole- 
cules. The volume coefficient of thermal expansion lor crystalline TATB was 
found to be 30.4 X 10 s K *. 

According to both groups of authors |44.45| TATB is in triclinic form. Two 
other forms: another triclinic and monoclinic should be assigned to a polymor- 
phic and impure substance respectively. 

According to references in |45) a pilot plant lot I A I B exists in the H.S.A. 


NITRO DFRIN WIVES OF DIPHENYL 

Ml, Vi. Ml, Ml. 

O 

Ml. Ml, 

iw.wi 

ill 

Among the nitro derivatives ol diphenyl. 3.3-dijmino-2.2\4.4'.6.6'-hcx;milro- 
diphenyl (DIPAM) Hill lias been found to he a thermally stable explosive. 
Ocstcrhng and co workers described a method in which the stalling material is 
m-haJoanisole. The reaction sequence is shown in (3). 




(III! 


The above method of preparing DIPAM comprises (a) nitration of a w-halo- 
anisole with a mixture of nitric acid and oleum to obtain 3-halo-2.4.6-trinitro- 
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anisole; (b) condensation of two molecules by reacting with a slum, r 
powder and a diluent to obtain 3,3 -dimethoxv 2 v 44 ® V C ° ppe ' 

a- “ *— • ^^s.’esk 

NITRO DERIVATIVES OF BIBENZYL AND STILBENE 

S3S5^aS=; 

;V//W Derivatives oj Hi benzyl 

2,2 .4.4 ,6.6 -llexanitrobibenzyl (IV) 




Ho ,,Z : r /■ ?' [1?l hy "baling 4.4-.Utni„.,b,hena>l 

stance of “me l le in. “ b> "’ e alkalinc ->* TM A sub- 

U«l as a by-product of the T »d Aaronson 

° r "itratiot d wa " d daimcd 21 * 1 “’V? ' f ~ *>' "* nJprX? 
P^yl-^v^dmi. ,2 t n , Pontanilrodiplienyl ethanol a-3 4.5 trinitre- 
• dmitrophenyl hydroxvethane (m.p. 187°()(V) 


<>,n 
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Blau and Rytina (19), re-examined the findings of earlier workers. They 
nitrated bibenzyl and 4,4'-dinitrobibenzyl using 100% nitric acid and obtained 
2.2 ,4.4 -tetranitrobibenzyl (m.p. 171-1 72°C) with 90% yield of the crude 
product. The product could not be nitrated further unless it was subjected to 
vigorous nitration conditions, that is heating it with nitrating mixture composed 
of nitric acid (90% UNO, ) sulphuric acid (95% H ; S0 4 ) and oleum (15% S0 3 ) 
in a steam-bath for 7 hr. resulting in the fonnation of 2,2 .4.4',6-pentanitrobi- 
benzyl (m.p. 187 I88°f ) (VI) and a relatively small amount ( ca . 10%) of hexa- 
nitrobibenzyl (IV). (4): 



N(l, 

VI (4. 


Nitration of pentanitrobtbenzyl with the same nitrating mixture for 16 hr 
yielded 50' of hexanilrobibenzyl and unchanged pentanitrobibenzyl. Com- 
pound IV when crystallized from acetic acid, had m.p. 213 215°(\ Shipp and 
I . A. Kaplan |20| nitrated biben/yl using potassium nitrate in 30% oleum in the 
temperature range 60 I 20°( for 30 hr and obtained the product in 46.5% yield. 
After crystallization from hot acetone and water. IV melted at 218 220°( . 

Neither Blati and Rytina nor Rinkenbach and Aaronson were able to obtain 
llexanitrobibenzyl by the alkaline oxidation of 2.4.6-trinitrotoluene. However, 
this was achieved by Shipp and Kaplan (20) who found that TNT could be 
oxidized to hexanilrobibenzyl or hexanitrostilbenc using sodium hypochlorite 
as the oxidizing agent. Thus, the observation of Will (17] proved to be correct. 
This was substantiated by Gilbert |5 I ) who used methanol as a solvent at 50°C 
anJ a more concentrated hypochlorite solution, the yield was 82%. 

Another process ( 20] consisted in reacting nitro derivatives of benzyl halo* 
genides with trinitrotoluene in sodium hydroxide. In tetrahydrofuran 2.4 ,4’, 6- 
tetranitrobibenzyl (m.p. 179 180°C) and 2,2'.4.6.6'-pentanitrobibenzyl (m.p. 
I55°C) were obtained (5). 

Recently an Hungarian patent appeared (46) which consists in oxidative 
coupling of two moles of TNT in the presence of base, oxygen and a transition 
metal catalyst, for example, cobalt naphthenate at 50°C (in the presence of 
DMSO as a solvent) or cupric sulphate. 

The method was examined by Golding and Hayes (47] . They tried to oxidize 
TM in air in the presence of various catalysts, for example, anhydrous CuS0 4 / 
pyridine in the presence of alcoholic KOH and triglyme. A high yield (55.5%) 
was obtained. Another high yield (53.4%) was given by Rodium (5% on alumin) 
in alcoholic KOH and trigjyme. 
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^Vc.,,Br * 


NaOII llll 







The authors suggest a mechanism lor the formation of the anion K( ll ; 
|R = (N0 2 H 4 ( Ii7 | which would react with the catalyst yielding a free 
radical according to ((>) 


N< II, * Oil 
Hi II, * ( ..(II) 


Kill. » 11,0 
- K< II.* ♦ C .H | ) 


: kc ii; 


Ki II. i U K 


( o||> til) 

Oxygen lor air) regenerates divalent cobalt. 

Also the radical ion reaction ol the type given hy Russell (Chapter l\ ) is 
possible. 

Nitro Derivatives of Stilbene 

Ihc most important nitro derivative of stilbene i> hcxanitrostilhenc (ll\S» 
(VII) 


y— ‘ II =* H— V/— N "; 


^he existing description in the older literature is not exact and requires new 
information. Very likely the product of m.p. 21 fC described in Vol. I p 4|r» 
* as not hexanitrostilbene but hexanitrobibenzyl. Also the direct nitration ol 
stilbene does not furnish the required hexanitro derivative, as the double bond is 
vulnerable and oxidation can readily occur to form nitro derivatives of 


. - r „ (0 me II. Even nitro derivatives of stilbene on vigorous 

2S acid «d 1.5, and sulphuric ae.d a, Ifrfr .h«y obt.tned 2.4., , .4 -pen.a- 

,„5*) and oleum (IS* SO,) in a steam-ha, I, lor 7 br and obtamed 

tetranitrobenzil (m.p. 222 ( ). 


o (i 




VIII 

A lew methods exisl to produce niliu derivatives ol slilhene. I bey aic 

( I ) reaction of nitro derivatives of toluene with licn/aldchyde. 

reaction of ni.tn derivatives o' benzyl Mo|tcn,des with alkaline agen.s 

removing hydrogen lulogcmde. 

(3) oxidation of nitro derivatives ol toluene. 

„/ nitro Jcrivaiitrs o, rohtatc with hen:, tIJchyJc anJtrt r ,/m. 
rfiviwfrrcs. This type ol reactmn was fust desc.tbcd by llnelc a. d I xca!c | 
While bearing a mixture ol 7.4-dm, food,. cue wills m.rohcn/atldc ,yde a - 
170V and allowing tbc reaction mixture to rest lot - "'ey o.nauud aU U 
three possible isomers ol :.4.4 , tiiniirt«tllhcn« using.., m and/i-nilroben/.alde. 

"In a similar way. Ullman and Ceschwind |2'l obtamed 2.4.M'-,c,,anU,n. 
stilbene (m.p. IW>°( ) from tiinitrotolucnc and p-mlroben/aldchyUc. 




< ii. • 


<y 


■o 


Shw 1241 ..led Hie .u. «.«» '" M "" 

benzaldehyde and obtamed hexanitrosttlbene ,n pom yield. 

2 Preparation from nitrobcnzvl hahgrniJci. This method consists in reacting 
nitrobenzyl halogenides with alcoholic potassium byd.ox.de. The react, on w 
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described for the first time by Krassusky [25] who obtained 2,4.2'.4'-tetranitro- 
benzyl (m.p. 266-267 c C) by warming 2.4-dinitrobenzyl chloride with potas- 
sium hydroxide in ethanol. The reaction did not seem to be successful when 
2,4,6-trinitrobenzyl bromide was used as the starting material contrary to the 
finding of Reich and co-workers (Vol. I, p 416). 

Shipp (24) obtained 2.2'.4,4',6.6'-hexanitrostiIbene (HNS) in 30£ yield by 
reacting 2,4,6-trinitrobenzyl halogenide with alcoholic potassium hydroxide 
(8). The product melted at 316°C, 


so, 


NO* 


SO, 



Hr 


KOIOmclIumx 
l '•lean Hjtht 



VII 

that is. I05 C C above the melung point of the product obtained by Reich. The 
correct structure of the compound follows from the synthetic route given by 
Shipp 1 24 ) . 

3. Preparation by oxidation of nitro derivatives of toluene. A number of 
methods involving this approach have been developed. They can lead to deriva- 
tives of both bibenzyl and stilbene. Thus. Green and co workers |26) obtameJ 
4,4-dinitrobenzyl (m.p. 180 182°C) by oxidizing p-nitrotoluene with air in 
potassium hydroxide solution in methanol at room temperature. When the re- 
action mixture was warmed 4.4-dinitrostilbene resulted. Green and Haddiley 
1 27 1 reacted 2.4-dinitrotoluene with diiodine in the presence of pyridine in 
potassium hydroxide solution in methanol at 40 50® C and obtained 2.2' .4 4’. 
tetranitrostilbene (m.p. 266 267°( ). 

-Slupp and Kaplan |20| obtained 2.2'.4.4 .6,6 -hexanitrostilbene (HNS) by 
oxidizing TNT with sodium hydrochlorite. The method consists in adding 10 
parts of 57' sodium hypochlorite solution to a chilled solution of I part of TNT 
in 10 parts of methanol. The solution is allowed to stand at ambient temperature 
Unll] ,,NS precipitates as a fine crystalline product. The product is crystallized 
rom nitrobenzene to yield pale yellow coloured needles. The mechanism of the 
reaction is shown in reactions (9). 

RCH, ^ RCTIj" HU. RCII,CT RC II ft 

OCT 



R— OI=CII-R. R = — \ ^ 


( 9 ) 


It is possible to isolate 2.4,6-trimtrobenzyl chloride or the bimolecular pro- 
duct a-chloro-2.2’,4.4 .6 .6 -hexanitrobibenzyl by stopping the reaction short. 
Tliis is indeed an excellent preparative reaction for the chloride replacing the 
tedious series of reactions which had been the only known route lor this com- 
pound ( 28). 

HNS can form charge transfer complexes with a number ol aromatic amines 
and phenols |38| . 

\ novel method ol producing nitrostilbene derivatives was given by Bethel 
and Bird [48 1. It consists in reacting 4-nitrobcnzvThalides with potassium /• 
butoxide. 4.4-l>initrostilbenc resulted. 

According to |47| lull scale production of HNS exists in the United Kingdom 
based on the method ol Shipp |24) . 

M I KO DERIV ATIVES OF AROMATIC A/A PENT ALFNES 

Tctramt'o derivatives ol dibenzo-l .3a.4.6a-tetruzapent alone I I'ACOT ) (IX ) 



l\ 


| his is a mixtuie of isomers with two nitro groups substituted in dillcrent 
positions in each benzene ring. It is a powerful explosive with unusual and out- 
standingly high temperature stability |2 C )| TACOT . which is comparable to 
pentacrhvthnlol tetranilrale (IT IN) in explosive power, lias thermal stability 
greater than that reported for any known organic explosive compound or com- 
position. 

I ACOT was described lor the first time in I960 in a patent |30| and later m 
many papers by < arbom and co-workers [31 36[ in which the syntheses of this 
compound and its properties were reported. It can be obtained Horn o-phenyl- 

cncdiaminc by the sequence ol reactions ( 10). 

Tctranitrodiben/o-l .3a.4.6a-tctraa/apentalenc is generally prepared from 
tetraazapentalene by direct miration.' The procedure [29| consists in adding 30 
parts of fuming nitric acid to 1 part of dibenzo-l .3a.4,6a-letraazapentalene in 
concentrated sulphuric acid. After 15 min. the mixture is heated to 60 C and 
maintained at this temperature for an additional 15 min period. The orange 
coloured mixture is poured into ice-water to yield TACOT, which can be re- 
crystallized from dimethyl formamide. The product obtained is composed ol 
numerous isomers of tetranitrodibenzo-1 .3a.4,6a-tetraazapentalene, depending 
on the position of the nitro group {ortho, meta or para ) in each individual 
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I'KO. 


orx> 


MONO 

V.N. 


Ml, fl,\ 

N. 


or ro — o^ 


ocbo 


UNO, 


I \« C)| 

MX) 


benzene ring. Hu. these isomer' have been I, ...ml lo have s.m.lar exphs.ve an, I 
ihermal prupernes. There .ore 1 A«> I wh.eh ,s a rn.xiurc 

sr d as such in explosive compiwiiions. Hs Ignition lemperaiure I 494 «( , fa ,' ile 

S t ,Z' ,'VXr d t 3 k * n " 5 «»*■*■ Power is equal % 

fNI and R0 * respectively. I. is h.ghlv mscnsn.ve 
nd compares lavourahly will, dinitrohenzene ,n ihar respec, |K S pi,e 2Tn 
s smvuy impact and sialic charges TA( OT can he readils m, Hated hi lead 
azide primer containing as little as 0.0; 0.0.1 g of lea J azide. 

fABl 141. IUmi nv.iNt.ifii 4-\pK»N|\'*\ 
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OATH 

Tatb 

HNS 
'IPAM 


1 


ACor 


vjI n mi. 


i.3-Duniino- 

3.4.6-titnitrn- 

benzone 

1.3.5-Trumiim- 

-•4.6-tiinitr k .. 

ben/.eno 

2.2 , .4.4'.6.6 # - 

•IcxiinitfoNtiiiviK- 

-'.3 -Duniino- 

2.2',4,4*.6.6- 

bvxjnitrohiphcnyl 

Ictrj nitro-2.3: 

- s .6-tlibeiuo- 

l.3a.4.6j-tctru- 

^apcntalcnc 


III p. 
c < 

< rvsf.il 
liClIMH 

gW 

5 cl.H l»\ III 

detoiuti.m 
ni so. 
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pressure 
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NONA is 2.2.2 .4.4 .4 '.<>.(>' .6" nonalerphcnyl obtained hy reacting 2 
moles ot picryl chloride with 1 .3 -dicli loro- 2, 4 .6 -trinit rn benzene in the presence 
ol copper dust at 2I0°C (Ullman reaction) |55|. It has an exceptional heat 
stability melting with decomposition at 440 450°<\ It has a density of I 7s. 
No more information is available 


(ks 


NO> NO, 




>r 

• )>N </ 


SOS V 


POlfcNTlAl. II HAT KhSISf \NT KXPLOSIVES 

N«»mc work Iun been done to obtain new heal resistant explosives. A number 
oi potential products were thus obtained, Buckley. hverard and Wells |39| . 
Iliey miraled 2.bilimetliyl I J-dinUroriaphllialene |4()| using nitric acid in 
ucciic auhydnde aiul obtained telraittiro denvjiives marked by their high melt- 
ing points in uildilion to a small amount ol a Irinitro compound not shown on 
formula (III. 


so. so- so. mi. 



h was suggested that the above compounds should be used to produce 
analogues to hcxaiiitrostilbene by their oxidation. 

Buckley and co-workers |56] continued their work on high nitrated napli- 
i alcne derivatives. They nitrated l-methylriaphthalene with dilute nitric acid 
Ig I -42 1 in ( I ( ll ; ( ll-C I at 40 c C and obtained 4.X- and 4.5-dinitro-l -methyl- 
naphthalcnc (I and II respectively). 

On further nitration below 2°C with nitric acid (d 1.5) and sulphuric acid 
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<d 1.84) they obtained trinitro- and tetranitro derivatives. of relatively low 
melting points: 

_ 2.4 ,8-trinit, o-, 4.S.H.„,n,«ro- and 2.4.5.H- W triimro-l -me.hyl naphihalme 
m. P 135 1 3H°C m.p. 2IK*d mp 22Q . ( 

11 2 4.5-innitro l-rieihyl njplithjkn* tm p. |«#0’d| 

The yields of tetranitro derivatives were low (6T). 

Another line of research consisted in producing polynitroacc.iaphthene 14 1 1 
• • 4 ' a , nd u 5-n.troacenaphthene were ni.ra.ed and yielded di. tn- and tetraniim. 
acenapntnenes. Also pentanitroacenaplithcnc was obtained. \onc of the Ml i. 

o'ene'finp t"?, '*'* ^ P ' hif!hesl HJS " ljl •>' 37-dnmroa.ena,.';. 

However, tetranitro derivatives obtained by miration ol .1. and 4.„,t„,. 
acerupliilienes. 3.5.(>.H- and 3.5.0.7-iciraniiroacenaplithcnes tidal and ii’hi 
respectively can he of some interest as explosives 




Ml. No. 



o. \ 



Ml. \ll. 


III p I > ” I 


Another potential heal resistant nitro compound is 2-amino-4.<».7/M C irj- 

ni ! r ° perin,ld,ne < x > I 42 I- The mother substance: 2-aminoperiniidine can he 
on tamed Hem perinaphthylene diamine and ammonium cyanate with a good 

suL | 43 *J He subs,aiKe is l,sed analytical chemistry as a reagent tor 
'pnate ion because ol the very low solubility ol the sulphate 

D * WdS reCCnt,y announ ced [50] that I J.5.7-tetranitroadamantane (TNA) 
i. 5X5 P ro P er,ies ^ hich are likely to be of value as a heat resistant explosive, 
•p. is above 350 C. It is also very insensitive to impact. 
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NO. NO, 

X 


In some countries Octogene (MMX) is considered asa heat resistant explosive 
(50. 51). Us m.p. was found to be between 276 277°C (Vol. Ill, p | |7) ami 
2*0° C |5I|. 

Nitro derivatives of 2.5.8-triphenyllrislriazolobcnzene (XI) arc very interest 
mg heat resistant compounds (52). The substances were obtained by coupling 
diazoti/ed nitroanilines with 1 3,5-triaminobenzcne. followed by oxidation with 
C’uS0 4 . Compounds fromp-nitroaniline and 2.4-dinitroanilme had m.ps of 369 
370*C and 400°C respectively. 



Resistance to Irradiation 

The heat resistant explosives: TACOT. DATB and TATB are remarkabls 
stable towards various irradiations such as gamma radiation from Co 60 according 
to Avrami (49). 
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APPENDIX 


Kubovick and co-workers used phase-transfer catalysis and catalytic two phase system to 
obtain some heat tesistan: explosives such as HNS (I. 2] . HNBB (3| . Hexanitrodiphenyl- 
methane 4). HexanitrcdiphcnyUminc [51 and polynitro derivatives of polyphcnylcthers 
16) . 
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CHAPTER 8 


ALIPHATIC NITRO COMPOUNDS 


(Vol. I. p. 579) 


i 


In the course of the last two decades the chemistry of aliphatic nitro com- 
pounds both nitroalkanes and nitroalkenes has received particular attention 
A vanety of compounds have been obtained and their properties examine i 
Between ,950 and ,960 increased interes, in the use of nifroEnes as 
potential explosives and propellants has been a major factor in expanding the 
chemistry of this relatively ignored field. * 

Evidence of the increasing interest in the field were Symposia on Vitro All- 

HI T Ln7T ' n ' 9 ,f ' Nl,r ° ,0 '" P " u " d ' ■" 121. and in ,968 

|. Tien a few excellent review articles appeared by: IX>le?el | 4 | Noble 

Borgard, and Reed (5). Shechte, |6a|. Shech.er and R H Kaplan (6bl a 

SRN 1 al,Ph3,iC ni <^ compounds bv Belet- 
skaya and Drozd 1-45) . collective volumes edited by H. Feuer (71 . monographs 

So P r k ln S ° P0Va 18,1 Novikov a "J co-workers [9| See also I ’01 

t ,h v h r> i r ry o, ( — 

y „ ,nger I lo l ■ Matasi and Maiasa | n | . Sosnovsky |P| 

lemswerf Uckle^i, 3,50 ^ '' CldS orgi,ni ‘ ; */"***• The prob- 

however most oPh * " ' of "loiingr.ph* and rev.ew articles [13 |9| 

the 1 ™ J,e ° UIS,de ,he sc,)pf ol ' ,lle P :( sen: book. Such :s also 

eating o«!,on ¥ and Shekh,er [2331 desc,ibing ,he ""ration of lubri- 
g Oils to produce anticorrosion materials. 

pionic'acid^rcsen* in sortie ^ deriVa " V ' S “ *""«"► 

MONONITRO ALKANES 

nitmgen -.V 11 *" 65 he n " n ' ed ,n vapout pha “ b V """c acid or 

(method of H v , , W “ h n " fiC acid aI '^peratures of 400 -435 ' C 

making ni,roalk“an« A P ' “h es,ablished commercial method of 

wo, ke fs XT "and T 7 ! nUmbe ' ° f P3P " S mainl >' by ,,a “ co- 
dations fi r V ™ ( °' 0 gaVe bo,h 'hcore.ical and practical foun- 

appeared I X ^ * process and subsequently less theoretical work has 

Le “ a ‘ ,en,IOn was paid 10 «»•« ""' a *ion of alkanes with nitrogen 


ALIPHATIC NITROCOMPOUNDS 219 

dioxide (method of T. Urbanski and S/on, Vol. I. p. 94) which has not been 
put to industrial use. 

The author of this book continued some of his work, for example, nitrating 
//-heptane with a great excess of nitrogen dioxide (20) . It was found that equal 
distribution of the nitro groups occurred along the chain: ca. 40% were found 
for positions 2 anJ 6. 3 and 5. and ca. 20 7< for position 4. This confirmed the 
view expressed by Hass (Vol. I. p. 95) and Asinger (Vol. I. p. 95). ( 10. 21 22| 
that the nitration of Cl I, groups of longer chain alkanes proceeds according to 
the statistical rule. This finding was contrary to some views that position 2 in 
long chain alkanes is the preferred position (23) . 

Slebodziriski, T. Urbanski and Lukasiewicz |24| nitrated /r-hexane with nitro- 
gen dioxide at temperatures varying from 120° to 300°C with molar ratios n- 
hexanc:NO| varying from 1:10 to 5:1. The highest yield and safest conditions 
were obtained with the ratio 3:1 at 300°C. The yield of nitro compounds was 
ca. 42% in relation to // hexane converted. The composition of the nitro alkane 
fraction was as given in Vol. I. pp 94 95. 

llu* identification of nitroalkanes was carried out by coupling nitroalkanes 
with diazonium salts |25). The method was based on the work of V. Meyer cl 
a! 1 26 1 and used by some authors for the identification of nitroalkanes (27 
28 ). 

With the advent ol chromatography the method of gas chromatography was 
used for the separation and identification of nitroalkanes. This was described in 
papers by Bethea and Wheelcock |29) I lie gas liquid chromatography of 
L, C 4 nitroalkanes was used by Biernacki and T. Urbanski [30] . 

Mine. T. Urbanski and Fal^cki |96) examined the action of ionizing radiation 
from Cobalt source (Gamma Cell 220) upon n - hexane dissolved in \ 2 <) 4 in 
sealed tubes. The reaction was carried out for 200 hr at room temperatures, and 
:hc yield ol I -nitrohexane was I % The experiments were discontinued when a 
violent explosion occurred in one of the lubes. 

Albright ct a/. |97| examined the influence of gamma radiation upon the 
vapour phase nitration of propane with nitric acid at 400 450° C\ There was a 
slight cltcct of irradiation on the yield of nitro products, in agreement with the 
above finding |9o] . The increase of the yield ol nitro alkanes was ol the order of 
only 10 15%. 

OTHtR METHODS OF INTRODUCING THE NITRO GROUP INTO 
SATURATED COMPOUNDS 

The other methods of introducing the nitro group into saturated compounds 
have been reviewed by Larson |31 ) . 

Here are the main outlines for the conversion of oximes to nitro compounds. 

Emmons and Pagano (32) used peroxytrilluoroacetic acid to oxidize oximes 
to nitro compounds with a yield of up to 76%. The reaction is carried out in 
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acetonitrile as a solvent in the presence of a buffer to neutralize trilluoruacetic 
aciJ formed in the reaction. This is a simple and convenient method ol obtain- 
ing nitro aliphatic and alicyclic compounds. Thus, nitmcycloliexane and l -nit o- 
heptane were obtained with yields of 62 and 7?;4- respectively. See also | 33 | 
Another method of oxidation of ketoximes to nitro compounds consists in 
ihe bromination of ketoximes with yV-bromosuccinimide to obtain hroinonitroso 
compounds which were oxidized with nitric acid and hydrogen peroxide to 
biomonitro compounds. The latter were debrominated by sodium borohydridc 
to yield secondary nitro compounds |34| ( I ) 




\I»N / 

K i =M »it H.i 


IIMI, • II. 1 1. / 

K I 

\. 


N .1111* 


U.tlINO III 


• The method has lotmd an application to the piepar. non ..i mho sic oids J | . 
Oximes can he oxidized to nioo compounds witli ••/mik | ::7| . and leceirk 
an excellent yield w .in ohijined by oxidatioi ot koioxnnes wi;h by pocMoious 
acid to lorm diloionihos,. compounds which on i mho oxidation with icna 

k bulylaiiimom m hypocliloit yielded secondary miio.ilk.uics \22S 

K OxiJj/h >nnf I nmu \ 

Ihe leaction ol the oxidation ot .unmjhv amino to inti • ..•mpouiidscx.ini 
|. mod In liitmons and cowoueix '\ »l I :* ? J I gave .. high yield -i iiiim 

Bdenv.it i\es I mmoiis |3o| nied to ve pctaceli icid i. .bum • i Wl> n, . 

alkj,us 1 1 ' caction c.oe a ! tgh vie , « ctaiic was ohiume 

^gtcld as high a> .x?:, Ihe u>e ol pemxy iiliiioro.iceiic .uul. succcsslul in the 
nxidatimi n| oximes, did not give favourable icmiIis wiili .imincs |o ..htam 
■utroslemids lioni the amines. //.-chloi .on/oic acn was Micccwhillv u 
BJIhc yield was Ml 7 o . , | t'| 

■ j’otassium poniiaitganaie can also be used to oxidize icma \ ..mines otherwise 

H^tsiam to oxidation |Ts| 

,,/ Alkyl li/fjjct M< //. v, iJiii/t! \jrnrc 

: ^mp|" , r ll,,U , 1 0l ‘ V “ l 1 p r - : * ,0c0,vcJ •' *' ll lc application, to, 

T Jl • D), the synthesis ol Mtilio csicis and t. cs |4t | i|»w 

f fxpv;'. IKMl,,Hl l, ' ,S somo li,n,,;,,,onN ,, '" N halide d.nrs not tuinish the 

e q 1111 ? 1 tflMI N cyclohexyl bromid ‘snot teact wiili sodiu 

n tie contraiv. cyclohexyl iodide icact> wiili sodium niliite hut the 

-niilar C>d ,,KX ,,K 57,5 y,cW * 

~K r 1 " 11,0 ,eacl|, * n •»* v - Meyer, nit mis esteis are also lormcd dm me the 
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Komblum reaction. Im example, bromocyclopentane is converted to both nitro 
cyclopentane and nitrous ester |4I | . I or more information see |3I | . 


\'i!n'fmrnmin> >n nl M knits 

An iiitcicstiiig lead ion ol niiromerciiratioii \va> loimd by Ikiclmiaii and 
Whilehouse 1 1()7|. It omimsIs in acting will, sodium mime and men tide chloi 
idc on alkenes. tin example, on cyclohexene t ) 


Mill I. • VAO; 


rr 


iTNiI'iuiic!Cmii..I cliloihle esulis with the yield d no I ho pr. duels wok 
used i. • obtain niinulKcnes • -bat. 


/•. n>!j!i"n .»/ \tlrojlktin i . in mi \tirjh- ! sltr. 

I Itct iii.il decomposition ol mlidc cslci' lias been sliowii I • • icsull in die |.< m 
attoii ol small amounts miui.ilkaues |2 | IJjihniait an < " mi:hi -N| 

descnlvJ the method ol convening inhale estcis u to uiiio.ilkaiics «u leading 
inli.ilc csteis with metal ittiiiU'v m suitable solvents Mme detailed imImhujiiom 

is given till luptci \ on inhale c-leis. 

( III NIK \l PKOPI'.K III S Ol M I RO \LK\NIS 

Yi/r.uir r l<//\ 

One ot the most important piopeilies ol piimary and secondaiy mho ;i I k anes 
s then ability lo lonn aei intn* compounds, also lelcred to nthoni. acids 

\„M, x , =•/ I... 

,«/ / S... 


.Vo/rcvr/v 1'unntrthf Aa fonn 

Nil ionic acids aic iclahvelv weaktpA,, - o) lescmbhug c ail* o\y lu a«. ids 
with icgaril to then st length Ihe nihoiiic jci%K can loim ester* I bey s.n» be 
prepared m three ways 


(I) hv the alky bl ion ot sodium oi potassium ml lonate s; 


alts •*\a , r,>.e. 


i = V). \.i . . ||. R. ||. \ 
\ tuli'i-Vti 


< = No t 1 1 .« h It 
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(2 ) by the alkylation of silver nitronate salts, 

(3) by the reaction of nitre aikenes and nitronic acids with diazomeihane. 

Method (1) has considerable limitations, as the nitronic ester decomposes 
readily to yield oximes and aldehydes and ketones composes 

formu.a°3oV S " rS *'* '° en '" ‘ he '■ 3 -‘ ddittoo ' eaction ^apte, IV. 

Salts of nitronic acid can decompose readily in a dangerous manner Particu- 
larly dangerous are salts of nitromethane (Vol. I. p. 586- Vo' ||| n nn n 
sod,un, salt of nitromethane can explode when touched witi a s^a Ja ' ^ 
The chemistry ol nitronic acid and derivatives is a very wide Held and the 
reader should consult an excellent monographic review by Nielsen (42) 



Activating Influence of the Nitro Group 

mch reacon. Michael addition. Diels Alder reaction" fo, example I , sT 

eMJKTKr “ — 

; Here are a few data based on more recent publications 

/. /t/do/fc addition and the Mannich "action (Vol I p |86) The aldnh- 

c°: r:“;' *» .ill; * 

■|. (43) in some r ne I 3 , ^ ^ Chemil,, > wl,ich ^cording to Bae, 

^ 

t -"b;Cl„7l1;iM57 3ring ^ C ° Sinola,f5 ‘ hrough - 

f-^i!i;^Ser ,ion ,he monog,aphs - for exampie - ,hat ° r 

'"r W ' e,gl “ 1581 USed P°'— " fluoride as 
"prides were or II ° f niUon *"'™ «« « double bond. (Alkali 

fuel addition ,ei r V ^ Yasuda « “<■ [59] as catalysts for the 

®|- V anous ac 7, 'rs nS f W0,k of addition of nitroalkanes was continued 

fc Among nitroalkanes eXa,nple ' methylacrylate and acrylonitrile, were 
•»« -eadL fo “ ri " " n ° W " e appl,ed as donois - Nitre- 

adducis of7u rh u 7 S Wi ' h KHF »* RbHF ’ CsHF,. The yield 
P*n 60 and 90% W " h C ° mp ° Unds con,a 'ning a double bond varied 
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CHjCH(N 0 2 ), ♦ CM, = CHCOOCHj 


60-65 


Alternatively, nitroalkanes can be added to an activated double bond, (6) 
[61 1 : 


^ NO, ♦ ^^COOCH, 


NO, COOCH, 


3. Reaction of nitromethane with pyrilium salts. Dimroth [62) in a number 
°[ papers s,ncc ,95 6 |63) has described an interesting reaction in the formation 
or aromatic nitrocompounds by reacting nitromethane with pyrilium salts (e.g. 
perchlorate) substituted in positions 2,4,6 in basic medium (7) with a yield vary- 
ing from 25 to 60%: 


CM, NO, 
K-f-Butylmc 

I boiling] 


do; 


♦ 11,0 


By-products of the reaction are cyclohexylinden derivatives. 

4 ' Nitroalkanes as alkylating agents in Fried el Crafts reactions. An interesting 
reaction was recently reported by Casini and co-workers (64) . They found that 
Friedel-Crafts reaction of benzyhc or tertiary nitro compounds with benzene 
gave normal alkylation products (8) and (9) respectively. 2-Nitropropanc gave 
cumene (10) subject to further transformations. 


C*H,CH,NO, 


room temp. 
24 h 


C.H,CH,C*H, 

10* 


( 8 ) 




Aid, 

room temp. 
2 h 


O <’> 


27% 


40% 


CH, H 

V 

/\ 

CH| NO, 


♦ c 6 H, 


ALO, 
55°C/2 h 


CM, 
,H $ — |— H 
CM, 


( 10 ) 


E 
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pnm.^ and second^' 2 a ° J^°Z °/ aldeh > d « «d ketones from 

(from secondary nilroalkanesTby uTin", E LSKT - ** ?"* * *" ,0n " 
manganale and hydrogen peroxide P '" 

was extensively used by Asinger el at [ 2 0b 221 si,k : l ' on . wl,h Pe^anganate 

-■ ‘ 24 l analysis of the producU o'f^ LStf onTch, ’ l " 

McMurrey and co-workers modified Ihe reaction bvraf • 
live medium of TiCtj followed by hydrolysis and an o T" 8 “ ° U ' ' n 3 ' educ ‘ 
|92a) and [92b] respectively. See a ZTZ ° f °‘ 


\ »a/ 


R,CHN0, 4 NaNO, +* C|lltONO 


C,»l,OH4. \, NOj 4N,0 (11) 




k! 


Uc yield was “P 10 «** depending on nitroalkane. 

I b ' - **=.« „ 

K NITROMETHANE (Vol. I, p. 579) 

iSSisssjfir-"* 


'Tu,v„ 

Shaw s data arc as follows: 


Ex 

W° me Ws 


Density at 15 °C 
Boiling point 
Melting point 
Heat of formation 
Heat of vaporization 
Specific heat Cp 
Activation energy of 
thermal decomposition 
Detonation velocity 
experimental 
calculated 


1.140 
10I°C 
-29°C 
-21 kcal/mol 
9,1 kcal/mol 
137 cal/mol deg 

59.0 kcal/mol 

6300 m/s 
6890 m/s 


»ven by Meyer [66] are slightly different. 
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Density 
Boiling point 

He also gives vapour pressures: 

1 .3 millibar 
10 millibar 
32 millibar 
140 millibar 
283 millibar 


1.1385 
101. 2°C. 


-29° C 
0°C 
20° C 
50° C 
80° C 


A considerable amount of work has been dedicated to the problem of decom- 
position of mtromethane in gas-phase. They were reported in Vol I (p. 579) and 
in the review article by Makovky and Lenji (67 1 . 

A few papers referring to (lash photolysis should be mentioned: those by 
Norrish and co-workers |68), Pimentel and co-workers [69|, Nicholson [70], 
McGarvcy and McGrath [71 ) . 

Crawforth and Waddington [72] examined pyrolysis of nitromethane be- 
tween 305° and 440°C. They found the reaction tube pressure dependent. Above 
150 mm it is approximately of the first order 

*= 10' 4 -' exp. (—55 kcal/RT) sec" 1 . 

The main products are methane, CO. N 2 . NO. HCN and water. The authors 
suggested the mechanism through the initially formed methyl ladical: 


•C M, 4 CH,NO, 
•CH, 4 NO, 

•CM, 4 NO, 
•CM, + NO 


CH, 4 CH,NO, 
CH, NO, 

Cll,0* 4 NO 
CM, NO 


02 ) 


A few papers were dedicated to the decomposition of nitromethane in shock- 
tubes Bradley [73) , Hiraoka and Hardwick [74) , Borisov and co-workers [75). 
Glanzer and True [76) examined the decomposition of nitromethane highly 
diluted with argon in shock waves between 900 and 1500 I, and concentration 
of argon 1.5 X 10‘ 6 and 3.5 X 10" 4 mol/cm 3 . A unimolecular reaction occur- 
red: 


CH, NO, 


•CH, ♦ NO ; 


( 13 ) 


The rate constant k is expressed by the equation: 

K = 10 1 7 -‘ exp (-42 kcal/RT) sec' 1 
A subsequent reaction occurred between free radicals: 


•CH, + -NO, 


01,0 + NO *OH 


(14) 
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Shock initiation of liquid nitromethane (as compared with that of methyl 
nitrite) was given by Shaw (65) . 

Practical use of nitromethane as an explosive. The use of nitromethane is 
limited owing to its high volatility. According to Meyer [66] nitromethane was 
used in the U.S.A. for underground model explosion (‘Fre-Gondola’) in prepar- 
ation for the nuclear charge technique, and for stimulation blasting in oil and gas 
wells. 

Nitromethane can also be used as monergolic liquid fuel for rockets. 

NITROETHANE, I -NITROPROFANE AND 2-NITROPROPANE 

Glanzer and Troe studied a shock wave thermal decomposition in argon of 
nitroethane |77), !• and 2-nitropropanes |78) 

The following are data obtained (Table 42). 


TABLE 4 2. Characteristics of shock wave thermal decomposition 

of nitroalkanes ) 



Nilroclhjne 

^ — • ■ — 

l-Nitropropanc 

2-Nitropropane 


Temperature-. (Kl 

900 1350 

915 -1200 

915-1200 


Rale constant k 
sec -1 

Primary reaction 

10“ 9 exp ( 57 

2.3 * 10* 5 ( 55 

2.4 x 10* 5 t 54 


kcal'RT) 

kcjl'KTl 

kcal RT) 


Mcp of C-N 
bond fivsion 

CjHj ♦ - NO, 

n Cjll? ♦ *NOj 

/ C 3 H-:-f-N0 2 



2-Nitropropanc can be subjected to dimerization under the action of alkali 
metals in carbon tetrachloride, DMSO in the atmosphere of nitrogen ( 1 5) [79) 


> 


NO, 


ecu. DMSO. N a 
Li or K soil 


- O, N 


NO, 


(15) 


2-N'itropropane is widely used in the U.S.A. as a solvent, however its carcino- 
nic action has been reported (80) . 

PYLNITROALKANES 

Arylnitroalkancs form an interesting group of compounds: they combine the 
Properties of the aromatic ring with those of nitroalkanes. The simplest is of 
rse phenylnitromethane (Vol. I. pp. 96, 123, 275, 598). The chemistry of 
1 fomethane was reviewed by Novikov and Khmelnitskii |81). 

Onned h* aIready been P oinletl oul (Vol- l, P- 275) phenylnitromethane can be 
Ur >ng the nitration of toluene, while using nitrogen dioxide as a nitrat- 

agent. 
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Higher nitrated derivatives of phenylnitromethane, among them those of 
derivatives of dinitro- and trinitromethane (Vol. I, p. 399) are important. The 
reaction of Ponzio (82) consists of acting with N 2 0 4 on benzaldoxime: phenyl- 
dinit rome thane results (16): 


n,o 4 




According to Fieser and Docring [83) the reaction should be carried out by 
gradually mixing solutions of benzaldoxime and N 2 0 4 in dry ether at the 
temperature of boiling ether. The yield of the reaction produced in such a way 
was 389! lower than in the Ponzio original method (50 %). but violent reaction is 
avoided. 

Derivatives of phenylnitromethane nitrated in the aromatic ring have again 
received (Vol. I. p. 598) attention, particularly in relation to the properties of 
TNT Silzmann, I.. A. Kaplan and Angres |84| acted on 2,4,6-tnnitrotoluene in 
alkaline medium with lluorotrinitromethanc which is an alkaline nitrating agent 
and was prepared by Kamlet and Adolph [85). The reaction (17) brought about 
the formation of 2.4,6-trinitrophenyl-nitromethane through the intermediate 
2.4.6-trinitrotoluene anion (Chapter VI, reaction 5, and [86) ): 

Ml. i N»nii u . 14*: | 


mp 1 16 >- I Ih C 
Hvs 




The same compound was obtained earlier by Russian workers |S7) through 
the action of chloranil (as an oxidizing agent) on the o-complex (I) of 2,4,6- 
trinitrotoluene with potassium salt of nitromethane. 



A considerable amount of work was done by Kornblum and co-workers on 
the chemistry of arylnitroalkanes, particularly the p-nitrocumyl system with a 
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s ,hi ~ <"■ 


C,H, 


r\ 


o,NH Cy~p so ' * ,cH>,,fNo - ,j - — in,i > o,n H qJ'1J!i N(1! 

Ms ~~ o«, c^iij 

spiii==s~s 

was :;'; n ° gr 7 ty h ^»*« 

*roup was sodlunl sall of melhanethjol ™ «- — 


RjC’NO, 


Ol,S 

- • 

roorr tfmp 


R,< II 


( 20 ) 


I T . U ' b ““‘ ' 89 l «P«M .he reaction of 

.«*«> compound ™iZ^£.? m J7 P b> hydr0|!en wh,lc '™ -he 
The reaction proceeded bT a Tad^ e,hylen * ^ « '20 N0*C. 

t'21] described new mejhod. of ?* hu ' ism - Ono ^ co-workers 

sajss- ST, ,t 

'* l '^waT,et?.l7b'rPml a an “J 1 11 ,r J ni ' ro « , "^e by elec.rochemical 
V a 0> retrosyan and co-workers [248, 249 j 

jg^VCLOALKANES 

"^^-Tmpemtu'eTvii' S^JST* ^ di ' U " ni,ric acid 

( ’ p ‘ 84 > ° r w,th nitrogen dioxide (Vol. I, p. 96). 
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Reich [98 1 reported that the best yield of nitrocyclohexane can be obtained 
with nitric acid of 30- 50$ HNO, at 120-140°C under 10-15 atm. The yield 
of nitrocyclohexane was up to 80£. 

Nitrocyclohexane can be reduced to cyclohexane oxime to further transform 
into caprolactam. Several patents cover this method, but no practical appli- 
cation seems to have been found for it. 

Nitro derivatives of cyclohexane can be obtained by the method of Severin 
(C hapter IV, tormula 16) while reducing some nitroaromatic hydrocarbons with 
Grignard reagent or with sodium borohydride. Sodium borohydridc reduced 
1 ,3,5-tnnitrobenzene to 1 ,3.5-trinitrocycIohexane (Vol. I, p. 252). 

ESTERS OF NITROALCOHOLS AND UNSATURATED ACIDS 

Nitroalcohols composed of nitroalkanes and formaldehyde have been esteri- 
tied with acrylic and methacrylic acids in order to obtain products which could 
bo subjected to polymerization. This is a part of the big programme on searching 
lor solid propellants. Hie work on the above line was initiated by British Thom- 
son-llouston Co. 1 235 1 described in a number of patents reviewed by Marans 
and Zelinski |236) who also gave an account of their own experiments. Nitro- 
alcohols from nitromethane. nitroethane, 1 -nitropropane and formaldehyde re- 
acted with methyl esters of acrylic and methacrylic acids in the presence of con- 
centrated sulphuric acid and cuprous chloride or toluene sulphonic acid and 
hydruquinonc. Acrylic and methacrylic acid esters of nitroalkyls were formed 
through transestrification. They were polymerized at I00°C with benzoyl 
peroxide in an atmosphere of nitrogen. Only 2-mcthyl-2-2-nitropropyl ester 
gave a hard resin, whereas the other nitroalcohols gave viscous resins. The pre- 
sence of the nitro group in the molecule seems to inhibit the polymerization in 
agreement with the findings described in C hapter IV. 

INDUSTRIAL METHODS OF NITRATING ALKANES 

( ornmercial Solvents Corporation, Inc., Terre Haute, Indiana, U.S.A. has a 
factory producing nitroalkanes by the method of Hess and co-workers (Vol. I. 
p. 86). In 1936 the annual production was in the order of 4400 tons. Also in 
Germany during World War II Badische Anilin - und Sodafahrik A.G., Lud- 
wigshafen had a pilot plant for the daily production of 300 kg of nitroalkanes. 

It was working for three years (1939-1942) and in 1942 a larger plant capable 
ot producing I ton daily was under construction, but was destroyed by bombing 
(according to Dole?el |4|). 

The industrial method for the nitration of propane is based mainly on the 
description by DoleZel [4] in the German edition of the book by the author of 
the present monograph. Some details can also be found in the review article by 
Shechter and R. B. Kaplan [6b] . 
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German Method of Nitration of Lower Alkanes 

Schickh T ‘ c on «i«i» rf 'r ^ BASF ( Lu ^gshafcn) was established by 
F t , 91 ' u * ° f \ S,aU,lesS s,eel < V2A ) n ' t,alor in .he form of a coil ( 1 ) 
(F ‘ g W) SUbmerged 10 3 hea,1 "8 balb -Chen sod.um and potassium 252 



HG. 29. Nili.non when,, of Schickh used in Germany a, BASF ... „ llflt< 

alkanes according lo DoIcK'l (4] 

nh'aiion'of 'ZT^Vl ^ A highe ' was used fo, ,he 

/ cnn me,hane and ,owcr ,or h 'gher hydrocarbons. Vapours of nitric acid 

con.a,ne r ra 2°)" Md W " h ' he hydroca ' bon entered .he coil from 

sc:! " ,a "° hy1«carbon:HNQ J 8-10 was maintained The re- 

were coUecred n r V C ° U (3) 3 " d COndense ' ' 4 » L^-d products 

layer £, ", n ' l ^ ^ e "“' ed < 6 > a " d *•>* “PPer 
the liquefied 0 0 H. T “h ‘u "* * condenser < 7 > The cyclon (8) retamed 
(10) Where ?hev ** g3Je ° US hyd '°««b°ns entered scrubbers (9) and 

^ifiJIr W " h V“' 3nd ,hCn W,h sodlum hydroxide sol, 
were retained il n m'T “““l ^ The ' eSidUal hi « h « boiI ' n * Ptoducte 
gaseous oxidation an^H gaseous hydrocarb °™ ' e '“tned to the nirrator. The 
03). nd decom P os,tlon products were released through a valve 

and 40- C ^ erSI ° n ° f me,llane> ethane and higher hydrocarbons were 13%. 30% 

hich increase ]T C,IV > W “ *° U " der prCSSUre of 1 0 atm - 

‘••creased the conversion to 20%. 
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Method of Commercial Solvents Corporation, Inc. 

The nitration of hydrocarbons is carried out in a Stengel-Eagli [99) multi- 
segment reactor (Fig. 30). It is usually composed of five segments. 

The warmed alkane enters through (1) to the upper part of the nitrator. 
Nitric acid is injected through (2) and (3) to various segments of the nitrator. 
Electric heaters (4) maintain the correct temperature inside the apparatus. The 
constant temperature in the nitrator is maintained owing to the balance be- 
tween the endothermic vaporization of nitric acid and exothermic heat of the 
reaction. Any deviations from the correct temperature are immediately avoided 
by valves (5) introducing air (or water). The products are evacuated through (6). 



FIG. 30. Stengel - Fagli nitrator of alkanes used by Commercial Solvents 

Corp., Inc. according to DoleJcl |4). 



r 
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The diagram of the method of nitration of propane is given in Fig. 31. Pro- 
pane is supplied by pump (I) through a control valve (2). heater (3) and valve 
(4) to the upper part of the nitrator (5). Nitric acid (75-78% HN0 3 ) enters each 
segment of the reactor where the temperature of 400-435 c C is kept constant 
The temperature is maintained through a balance between the heat of nitration 
and the heat o! evaporation of nitric acid, as previously mentioned. Heat regu- 
lators (6) and valves (7) can maintain the correct temperature in every segment 
The temperature in every segment is measured by thermoelements. 





■A- 




M MS' 16 •/ 


MG. 31. Diagram or nitration ot propane by Commercial Solvents Corp.. 

Inc. according to DoleJfcI (4J . 

The ratio propane.HNO, in the upper segment is of the order of 24.2 1 
3n * bc avcra 8 e ratio in the nitrator is 4.81:1. The pressure inside the nitrator 
..75 kG /cm 2 . If the temperature rises above 435°C\ some water vapour is 
njected into the nitrator (higher concentrations of nitric acid tend to increase 
c temperature above the permitted limit). 

The reaction gases are cooled intensely in (8) and condensed in (9). In (10) 
add ,0 - US products enter (H) where ^ey are cooled and in the cyclone (12) 
oxid tl0nal IiqU ' d ^ rac, ' on is obtained. The gaseous products containing nitrogen 
scnihK Cn * Cr lhe SCrUbber l0 S e!her wi,h a ' r and NO is oxidized to NO,. The 
of o 61 ' S ir ” galed wi, h water and thus nitric acid is recovered. Further washing 
n 0w ases ; ,,h wa,cr is achieved with scrubbers (14-17). In the last one (17) the 
rate of gases is lowered to free them from traces of water droplets. The 
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gases leaving the last scrubber are rich with unreacted alkanes and return 
(through 19) to the nitrator. The gaseous by-products (e.g. N, , CO, CO, ) leave 
the system through valve (18). 

The conversion of propane to nitro compounds is in the order ol 30-38%. 
The nitrated product is composed of 25% nitromethane. 10% nitroethane, 40% 
2-nitropropane and 25% l-nitropropane. 

Distillation 

The fractionation of nitro compounds is not a complicated problem, provided 
sufficiently efficient distillation columns arc used. More difficult is the removal 
of acids (nitric acid, nitrogen oxides, organic acids), aldehydes and ketones, with 
water The insoluble nitro compounds are subjected to azeotropic distillation. 
Water is separated as an upper layer and nitro compounds (with a small propor- 
tion ol water on the bottom) are sent to distillation in order to separate the 
nitroalkanes. The flow-sheet is given in Fig. 32. The mixture of nitro compounds 
from an intermediate container ( 1 ) enters through a rotameter (2), pre-heater (3) 
into the upper part of column (4). The azeotropic mixtures go through con- 
denser (5) to separator (6). The separated water returns to column (4) and the 
nitroalkanes through rotameter (7) enter column (8) where washing by a counter- 
current method with sodium bisulphite to free them from traces of nitric and 
nitrous acid Nitro alkanes having a lower density pass through the column up- 
wards to enter column (9) where the products arc washed with water. Water is 
pumped back to column (4) to recover the dissolved nitro alkanes. The separated 
oil passes to the intermediate vessel (10). From here it goes through rotameter 
(II) and preheater (12) into the distillation column (13). An azeotrop which is 
composed of nitro alkanes and water distils. From the bottom part ol column 
(13) and sent to an intermediate vessel (14). rotameter (15) and eventually to 
column (16) where nitromethane distils out. The bottom part of column (16) 
contains nitromethane, and nitropropanes. The mixture of nitro alkanes enters 
through intermediate (17) and rotameter <18) to column (19). Nitroethane 
distils out from the latter. In the bottom of column (19) both nitropropanes re- 
main. They are sent through a pump to the intermediate vessel (20) and from 
there to rotameter (21 ) into column (22) where 2-nitropropane distils out. The 
lower part of column (22) passes' through (23) and rotameter (24) to column 
(25) where l-nitropropane distils out. 

Hazards of the Nitration of Alkanes 

Matasa 1 100) discussed the problem of the hazards of the nitration of 
alkanes. In his remarkably important paper he considered 

1. Explosibility of gaseous mixtures, 


CTK Vo l .4 - 



MG. 32. fractional dislillation of mtroalkanc* by Commercial Solvent* Corp.. Inc. according to Dolcfcl ( 4 ] 
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2. Exothermic reactions of nitration and oxidation, 

3. Reactivity of the liquefied product, 

4. Explosive properties of nitro compounds. 

Oxidation can be suppressed by adding molten salts to the reacting com- 
pounds. according to Albright (101] . Sodium nitrate is the most suitable salt 
probably breaking the reaction chain. Matasd summarized his work in a dia- 
gram Fig. 33 based on the nitration of cyclohexane with nitric acid in a 
vapour phase It gives the zone of nitration against the time of contact, molar 
ratio and reaction temperature. 

The dangerous zone is divided into two parts: upper (1) in which pyrolysis 
mainly occurs and is manifested by rapid variations of pressure and explosions, 
and lower (2) where the reaction proceeds quietly, but the products are liable to 
react further. Me also indicated a practical criterion of the reaction: the colour 
of the products. Yellow colour characterized the normal course of the reaction, 



06 08 10 1.2 1 4 1 6 1 8 

Time of contact (sec) 

FIG. 33. Variation of the zone of nitration of cyclohexane according to 

MatasA |98J. 
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whereas green and brown indicate a reaction between liquid products and too 
high temperature of the reaction or a too long contact time. 

The molar ratio hydrocarbon nitric acid was of the order of 10:1 and if 
oxygen was added it was up to 4 moles in quantity. 

To reduce the cost of nitration (and probably to increase safety) hydrocarbon 
and nitrogen were used instead of pure hydrocarbon |6b). The addition of 
oxygen to the system may offer the advantage of increasing the amount of heat 
evolved during nitration and thus helping to keep the reaction in adiabaiical 
conditions. The oxygen helps in obtaining valuable oxidation products such as 
alcohols, aldehydes, ketones and carboxylic acid |6b| . 

According to the same source, at 395° ( conversion of propane increased 
from 207' to 76% based on nitric acid used while the ratios of oxygen, propane 
and nitric acid changes from 0:11:1 to .VS: I 1 .4 I . 

1 ,2-DINITROETHANE (Vol. I. p. 594) 

Very little attention has been paid to this compound owing to its low stabil- 
ity. However, one paper can be mentioned which deals with the problem oi con- 
formation through the measurement of dipole moment [230|. The conclusion 
was that free rotation of N(> : is most probable around the t < axis | *. 
Dinit roelhanc can be used as a source oi l.ydmxylamine |:;.|| aiu | c - jpio |". 
turn from cyclohexanone |332| . 


!■ 


2,2-DINITROPROPANE 

lliis cum pound created a certain interest due to the picsence ccnnnal 

nilto groups. Hie symmetry ol the compound was examined hy Huc/hrmskt and 

l roanski |_'4*| hy intra-red and Katnan spectra lire authors canre to the con 

c usn.n that the compound belongs to < ., syinmctiv (according to llc /nce 
classification | 

NITROALKENES (Vol. I. pp. SI. ‘>5. 99. 107) 

Nitroiilkenes form an interesting group ol compounds they contain a stiongls 
activating nitro group and a double bond which, under the influence of the 
nMro S rou P- shows a particular activity. 

j . The ,ncre asing interest in nitroalkenes is manifested by two monographs 
° Se o| Hcrekalin |K| and Novikov |9|. Some review papers dealing with the 
Properties of nitroalkenes have also appeared 1 102| 

Methods of Preparation of Nitroalkenes 

[6 g 1 ' Q? ,C,h ° ds ol P re P ara, *on ol nitroalkenes can be divided into several groups 
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1. Action of nitrogen oxides and nitric acid on unsaturated hydrocarbons viz. 
NO (in the presence of catalytic amounts of NO» ). N 2 Oj, N 2 0 4 . N 2 () s . UNO,. 
Nitroalkenes are accompanied here by vicinal dinitro compounds, nitronitrites. 
nitronitrates. nitro nitroso compounds, nitrosonitritcs. nitrosonitrates. di- 
nitrites and nitronitrates |6. X. 9| (also Vol. I. pp. 96. 594). Some mononitro 
alkenes can also be formed. Here are a few examples taken from the above 
monographs and 1 1 2 1 : 


so 

( li m — < =c IH II, 

I 

Ml. 


I * 

|l ; =( -Jill H , 


Ul 



1 1 SO, 

< lilt ll.l 1 1 =< II; < 1 1 ,( |I=C IM II. NO. I'll 

I . SO. • 

Reaction (21a) needs some explanation as regards its mechanism. Nitrogen 
oxide is disproportionated into nitrogen and nitrogen dioxide ami the Ijtiei ac's 
as the nitrating agent. 

Acetylmtratc and nilronium chloride can also pioduce nitroalkenes while 
acting on alkenes 

(II .< lit »S(I. 

hi,— ( n=< lit h, — ► ni~Mi— yu Hi 

so. 
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J^hydration of nitroalcohols and .heir esters. Ni.roalcohols obtained by 
p h S96) V h ° d C “ b * read ‘ ly dehydra,ed wilh phthalic anhydride (Vol. I 

In some instances it has been found that esters can g.ve purer substances 

' ' * C “' dlng ‘° Gold I 1043 * m,roaJk cnes can be obtained in good yield 

(up to 85%, by vapour phase catalytic cleavage of esters of ni.roalcohols lo, 
example: 


< 11,(00011,01, NO, 


300-400 O 


— ^(H,=( ||NO, ♦ Ol, COOII (241 


As 3 catalyst calcium magnesium phosphate appeared to he the best 
Oehydrohalogenation ol halogenonitro alkanes, lor example ( 25 ): 


«ll, »,(( ( it, no. 


Non 


(II. \o, • *ni,.,*< =( nso, (25) 

(M : III, 


Vinyl product (I) was mainly formed 

Denitration of polynitroalkanes with potassium hydroxide can also produce 
nitroalkenes (Vol.I.p.fX.lX Xr 

Dcammatio" of Marmich bases hydrochlorides can also furnish nitroalkenes 
l y l through pyrolysis (26): 


RriKTi, \r: 


ki =i h. . «: mi in i 

NO- 


126) 


se e^ 9 |° re inf0, """ i0n aboul " ,c va,ic, y of reactions leadtng to ni.toalkenes 
Rc CC nt Reactions of Formation of Nitroalkenes 

Sak^!h y , d '° gena , ,i0 r r ln/, nitrOalkeneS WaS rcccn " y re P°««‘l by Japanese workers 

bton ljdc 'Infix Ik ' ThC .' CaC,lon consis,s ,n aclln ? «*.!. phenylselenenyl 
alkanes n,,roalkanes >" ">e presence of butyl-lithium Nitrophenylseleno- 

bydroge„ pe, f ^: d 27) ,he ^ ^ U " d " *«■" «*' 


R 'C‘H,rHR 1 

NO, 


* « • 1 1 Sf Br,'jnh Till 
I’ulyl lithium oY IN, I 


Se( JU 

I 

■Ol,— C— R* 

I 

NO, 


M,n, 


(27) 


Ml =4 — K 

I 

NO, 
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Nitroalkenes resulted wilh yields of 50-83%. 

Corey and Esireicher 1106) developed new methods for the preparation of 
conjugated i-nitrocycloalkenes (28). They used nitromercurial chlorides (28a) 
obtained by Bachman and Whitehouse 1 1 07 ) or vinyl stannanes. The latter were 
transformed into conjugated nitroalkenes by the action of tetranitromethane 
(28b): 



Sevcrin and co-workers 1 1 OH | gave an original method for the preparation ol 
dinit rocyclohcxene derivatives by acting with sodium borohydride on aromatic 
dmitro compounds (29) 


M K K 



NO, NO, :Nd* no, 

Rss=n. i*i. ni, 


Chemical Properties of Nitroalkenes 

Nitroalkenes are pale yellow coloured liquids with boiling points slightly 
lower than those of corresponding nitroalkanes. They arc lacrimatory substances 
with a pungent odour. They produce irritation of the mucous membranes, res- 
piratory* tract and skin. 

They are susceptible to many addition reactions and anionic polymerization. 


ALIPHATIC NITRO COMPOUNDS 


241 


^ CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 

Addition Reactions 

Addition of water and hydrogen sulphide yield alcohols and mcrcaptans 
respectively. Addition of alcohols and mercaptans yields nitroethers and nitro- 
thioethers respectively. Halonitroalkanes are formed by the addition of halogens 
or hydrohalogcnides. Nitrogen oxides yield dinitroalkanes. Nitronium chloride 
and nitrosyl chloride furnish nitrochloroalkanes. Hie addition of cyanohydridc 
yields nilrocyanoalkanes. Amino nitroalkanes were obtained by adding ammonia 
or amines. Grignard reagent with a subsequent hydrolysis yielded dialkvlhy- 
droxylamine or nitroalkanes. Michael addition to nitroalkenes was also recorded. 
Nitroalkenes are important philodienes in the Diels- Alder reaction |l04b| 

A more detailed description of these reactions is outside the scope oi this 
book bui can be found in 1 1 ] . in monographs [S. *J| and they are mentioned in 
a review article by Jagur-Grodzinski ( I (» | . 

Among the recent papers an addition of allilesilan to o-mtr.. alkei.es 1 1 ll)| 
was described. 

A particular kind ol addition is tin* poly mertzat ion ol nitroalkenes this will 
be discussed in a separate paragraph. 

Isomerization 

I lie isomerization ol nitroalkenes is one ol the most interesting properties 

these compounds. The isomerization can be depicted In a diagram 1 1 o;.i | 

h ' k* 

I I 

c it— i =, — \ 

I I 

k •' \n. 

X can be II. halogen. < OOI I. CN etc. 

Isomerization occuts under the action ol catalytic amounts m bases (KOI I 
( ( jH 5 )aNE 

Such isomerization; were described by Shechter and Shephard 1 1 1 I ] . liord- 

wc and Gerbich (I I2|. Witanowski. 1. Urbariski and co-workeis |l I3| exam- 

Ine d the isomerization of 3-nit ropropenc by catalytic amounts of sodium ineth- 

?.*' c * usin ^ t,,e NMK technique they established the existence of the com 
hbrium (J|): 


11— ( h.mi. 


75 *; 


< It, 

\ 

< 

/ 


No, 


/ 


II 


I II 

\ 

I 

/ 

II 


It 


/ 

\ 

NO. 


(3D 


s. 


K k ’ 

I I 

1 ^= 1-111 — \ 
K ; SO. 


A number of papers by Hesse have appeared on isomerization under the 
action of bases |l 14] and on the mechanism of isomerization by l.eseticky and 
Prochazka 1 1 1 5] . Piolrowska and Kochany 1 1 1 6| . Werkhoff 1 1 1 7 1 . 


Reduction of the Double Rond 

Reduction of the double bonds in nitroalkenes without the reduction of the 
nitro group can he carried out with sodium borohydride: when applied to nitro- 
alkenes the nitroalkanes can be obtained (the method of Severin 1 1 OSb | ). 


Polymerization 

w 

The case of polymerization of nitroalkenes has attracted the attention of 
chemists for a long lime. In particular the polymerization of nitroeihylene has 
been extensively studied. An excellent critical description has been given hv 
Jagur-Grodzinski |I0‘>|. Nitroeihylene polymerizes readily in the presence «*l 
alkalis. Polymerization is exothermic (2I.7K kcal/ntol at 20 ( I and in the pre- 
sence of strong alkalis can be explosive. 

Secondary and tertiary amines and phosphines have been found to be effec- 
tive but not very strong catalysts. By polymerizing at 75' ( in dimethylform- 
amide high molecular weight linear polymer was obtained. Polymerization has 
an ionic character. 

Poly(nitroethylcnc) prepared at low temperature is a while fibrous material 
voluble in dimcthylformainidc. When polymerization is carried out at room tem- 
perature it is a yellowish coloured powder ol low muleculai weight, lauenberger 
(103) found that poly( nit roetliylcne) obtained by anionic polymenzation isol 
relatively low molecular weight (M = ca. 500). lie also obtained co-polymers 
with acrolein or acrylonitrile using tii /i amyloamine as a catalyst at 0 ( . The 
co-polymers were in the form of grains or (lakes. I le established that nitmethyl- 
enc cannot be subjected to radical polymerization under the action of benzoyl- 
peroxide or 2-azodiisobutylnitrile. 

Polymerization ol 2-nilro-l-propene is less vigorous (the beat ol polymeriz- 
ation is 13.0 k cal/ mol at 20°C). The polymer is a viscous liquid or a brittle solid. 

The chemical stability of the polymers of both nilroethylcne and 2-nitro-l- 
propene is low. This is partly due .to the traces of catalysts present in the poly- 
mers which can act as decomposition catalysts. PolyOiitrocthylenc) turns 
yellow and then dark brown coloured after a lew hours at room temperature and 
at 60 3 C respectively. In the latter case it becomes insoluble in organic solvents. 
According to Farmer (1 18] poly (nitroeihylene) gives a negative ‘vacuum stabil- 
ity test' (Vol. II. p. 25) - an explosion occurs at I20°(\ Nevcriheless the poly- 
mer freed from the polymerization catalyst (by boiling in tetrahydrofurane 
jcidified with acetic acid) shows good stability, comparable to that of nitro- 
cellulose. 
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So far polynitroethylene (and propylene) do no. seem to have a practical 
application [1 19) . 

Characteristics of the main nitroalkenes are given in Table 43. 

TABLE 43. Physical constants of some nitroalkenes 


Compound 


1- Nitroethylene 

2- Nitro-l -propene 

l-Nitro-l -propone 


Formula 

Boiling point 

(°o 

Specific 

gravity 

uv 

abtorplion 

nm 

CH 2 -CH-N0 2 

98 5° 

1.073 

227 

CHj-C-NOj 

CH, 

57° ( 100 m kg) 

1.0643 

225 

CH 3 CH-CH NO : 

54° (28 mmllg) 

1.0661 

229 
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NITROACETYLENES 

A leu representatives of this group of compounds were recently obtained 
by Russell et a!. |I22| by acting with lithium acetylides on 2-chloro-2-nitro- 
propanc or 2,2-dinilropropane in tecrahydrofurane: 

K( <’I'*X («»,), NO. — RfM UCIM-NO. ♦ UX 

X«C1. NO, 2i) 5 V* ^ 


132) 


POLYNITRO ALIPHATIC COMPOUNDS (Vol I. p 587) 

Over the last three decades considerable attention has been given to the 
search for energy rich propellants and explosives among polynitro aliphatic com- 
pounds. An excellent review has been given by Noble. Borgardt and Reed 151 
on such compounds. 

[ However, most ol the polynitro aliphatic compounds show relatively low 
k Slabll,ty and high sensitivity and these facts have limited their practical useful- 
I ness [1 19]. The author of the present book will describe only 

S ( 1 ) general methods of formation of poly nil ro compounds. 

(-) physico-chemical, chemical and explosive properties of the most impor- 
tant compounds for which a practical application can be found or have 
already become commercial products. 

I Nitration of hydrocarbons 

The problem of whether the nitration of hydrocarbons can yield dsnitro com- 
P unds became controversial. According to T Urbahski and Sion (Vol. I, p. 95) 

t great nUratl0n ° f hydrocarbons f f0m propane to /i-heptane at 220-230°C with a 
g| a excess of N0 2 can yield viscous oil containing dinitro products (10-225 
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of the total quantity of products). Grundman and Haldenwanger (Vol. I, p. 84) 
obtained gem-dinitrocyclohexane when cyclohexane was nitrated at 1 2 2°C 
under pressure of 4 atm. Asigner and Oltay 1 1 23 1 nitrated 1 -nitrooctane and ob- 
tained a mixture of dinitro products with various positions of the nitro groups. 
Statistical distribution equal to all positions from C ( 2> to C(ij ( ca . \S7c) was 
found. 

It seems that the high temperature of nitration applied by Hess and co- 
workers (Vol. I. p. 86) 410 430°C was too high for dinitro compounds and 
they decomposed. 

The nitration of olefins can sometimes give polynitro compounds 1 1 24 1 (33) 
OI.HI-ttNO.M II, 7 ° - ’ ni f < IUNO 1 >T(N0,I : ( Hv (33) 

Nitration through the addition of nitric acid or nitrogen oxides to alkencs 
forms a special chapter. This was described in Vol. I. pp. 96 ‘>9 and reviewed 
|5-9|. 

Only a few typical reactions will he given here leading to a higher number ol 
nitro groups. Such is the reaction of Novikov and co -workers 1 124] (34) 



**i- ..«».! /• - inii«» 


Parker. Emmons and co-workers |I25| described the method of preparation 
of trinitroacctonitrilc 

M OI.UOOII+3IIM), » »S(), MM).), t COj + 3ll|SO* (35) 

The oxidation of oximes and other hydroxylamine derivatives followed by the 
action of nitric acid has also been described 1 1 26] (36) 

Mi, 

mno, I mi .... 

( ,11,1 ( <KK .H. ( jll,t ISO, (.< «MH jll, (361 

|| Nil* VO , 

\()lt \(J 


Substitution of Halogen 

A modification of the Victor Meyer reaction for long chain hydrocarbons 
(over C g ) was given by Kornblum (Vol. I. p. 127) (127] and reviewed by the 
same author. Another modification of the V. Meyer reaction was given as early 
as 1870 by ter Meer (I 28]. It applies to 1 -nitro- 1 -haloalkanes. By acting with 
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ac, 'on has a numb,, of lirnliaTonl il ^ HaW,h ° fne |l29 l «• 

R. B. Kaplan and Shechler 1 1 301 In, L,n,v ’ e,sal 15 'he ingenious method by 

*z " -r * - 


K - ,( — M) * ' 'V\(), , NaM), 


ll,o 


0- -I) 


K,l i Ml. i. . .* \,. 
•XI 


(371 


,he ni,r ° alkanC - ,ht ^ «" — 1.-0 pound 

Meet roly tic Methods 

-'.edium has boon B-Vl.llcr 1 1 3 " J* ? n "'| l '" > »' ^ ir 

dini.roalkanes was earned mi, w , ‘ a ‘j* rfJ "* - 

i:r:r — - - **■ -M- "r ; ss 


•'1)1)1 MOM REACTIONS 

pound" ,CMk "“ * W “W 1 ** ‘ P-Ivnil,.. aliphane 

( I J Michael addition. 

(3) Diels Alder addition. 

Michael Additi, 

•n 

la I « 


\ i 

} ,,no j ♦ < H=< — \o. 

/ i • 

K 


K' K 

I I 

K — ( "* II— I II — \ f 

I I 

Mi. k ’ 


1381 


impounds. f ' ‘ 3med a numbcr ol polyniiro 
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Diels - A Ider A ddition 

Relatively less atlent.on has been paid lo the Diels Alder reaction producing 
polyniiro compounds. Gold and co-workers |I37| successfully used :.n. dlnil , 0 

methanol which nr lire course of refluxing lost water to produce I l-diniiro- 
eiliylene. a very strong dienopliile: 


t Iiiso. j : r ii.oii 



< * 11,0 


09) 


OXIDATIVE DIMERIZATION 

Shed :ie: an,: K. H. Kaplan |I3H| obtained Wr-dinilroalkancs hy ilio o\i 

Ja,l0n l* ,,mjr >’ J "‘ l secondary alkanes (in alkaline medium) with sodium 
persiilpluie (4(1 » 


s i.S.O. 

U.r =\n. — u .i < 1/ 

I i ' 

SO so. 


(40) 






a. wDmiiroalkunos were prepared in a classical ssiis In die V. Meyer meilnrd 
icact atg di .uli.les and Im. iudes with silver mime |5| I he mmlil icatinu o| 
,he ,,, | cl,,wd h > (Vol. I p 07) ||J7| 1KII1L . WH | Ilnn mlMl0 h| j, 

mci hyllot nuiiiidc made lire compounds more accessible I euer. Nielsen and 
C 1 1 39 1 Used a. u dimi . .alkanes lot the I lain . -Mellon with formal Jtf- 

1 vdc lo ohlam .hols wind, can he nitrated lo ohiain compounds with two n- 

imro gioups. 


Ci m-lhniir •alkanes ( / ./ -Dmitri •alkanes) 

\ c mi side ru Me number ol papers have been published on (he properties ol 
eem-dimiroalkjiies and (heir lluonne derivatives by \a/in. Manclis and Duhovit- 
>ku |2>:| and kinetics ol (lieir (lu-rmal decomposition. The energy ol dissoci 
Jimn ol (he bond 0 -N was found to he 47 4X kcal/mol. 

TRIMTROMETHANE (NIT ROFORM) DERIVATIVES (Vol. I. p. <s?) 

I lie Iasi two decades ol searching for high energy compounds were dedicated 
*° Producls w’i ih (lie trin.iromeihyl group. The growing interest in these com- 
|H>unds is reflected in two symposia 1 1 1 and | 2 | and in an excellent review hv 
I - A. Kaplan |I40|. 
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The method of manufacture of nitroform from acetylene fn„nrt i 

| l9 ^ ^ BaSChie ' 1 <Vo1 '• p 587 » was deJ Cribed by Orton and McKie [141 ] $ 
bee me posstble ,o convert one of the carbons of acetylene to nitroform 

f! m rne,cu, y catalysed oxidation nitration process with nitric acid Nitro- 

.he ac,:: ^rt e rn one,h r r f 

rdustnS7me.h u' aim r°' Pr ° dUCi " g late, the 

holm I Lw a a ' ,e m3nUfaC,u " of nil,oform was created by Wetter- 
holm |I44| (and is described below). 


Properties oj Nitroform 

Trinilmalkanes deriving from nilroforn. have a low m.ensi.y absorption band 

' ° Jnd w '"' hydrJ,lne a absorption a. .150 This lc , 

v.an serve to specirophotomeiiic analysis ( 145 . | 4 (,) 

per;,;s:« * roups v * m p, ° jucc wy —• «*- 

Nnroform is a nucleophile and can be added ton a. low tempera- 

■me («r 0 C in methanol with a pood yield. Tins was done In the pioneer,,,* 

anJ C °- WO ' ke,S ^ :4?l 1 A- Kaplan and „«,* 


H< ,N() :). ♦ ‘ Jl.( H=( I ISO 


M,C ||< II. Ml. 

I 

( i\n, i, 


(41) 


Add, non to carbonyl compounds is an important react, on. for example 
mtrolnrn, with lormaldehyde yields 2.2.M,inil,oelha„ol (Vol I. p skx, | M .| 
As previously mentioned (Vol. I. P SXB) .he react,,.,, ,s strongly exothermic 
According to We.terholm |I5.1| „ evolves .S.5„ kcal/mol. The next s,e r „ ,hc 
M n'ch reacnon which offers synthetically valuable trmitromethyl amines and 

id ammo S,mP ' CS ' Ma " niCh ^ is " ,adc 'Wmaldeh.de 

ana ammonia: 


NO; MOI,\HOI,C(NO, 


• » 


II 


(NO, |,(1 II; NCI I, I (NO, ), 

I 

NO, 


III 


P r C< 11 1 “ ' ""stable and can decompose on standing but after nitration. Ill 
of F ” stability [ I49| . This observation is in agreement with that 

er and Swarts (ISO) and in the work of leuer Bachman and co-workers 
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[151] who described reactions of nitroform with formaldehyde and amino acid 
esters to form yV-trinitroethylammo acid esters. 

The products were unstable, but after nitration stable .V-nitro compounds 
resulted (42) 


I NO, )j (’CM j NIK I I, CO(X‘ ; H» 


unoi 

«h,so 4 ) 


NO, 

I ' 

(NO, >,( ( II, M ll,( (K)( ,||, 


(42) 


Wetteiholm [153] reacted 2.2,2-lrinilroethanoI with urea to obtain A'.A''-bis 
(trinitroethyl) urea (‘DiTeU’) (IV) a new strong explosive, near to Cyelonite 
with regard to its power. 


I NO, ),( ( !!, NHCONIK II,( ( NO, j, 
mp l<M u < 

IV 

It is described on p. 259. reaction (5(>) [250] . 

Another interesting and new approach to using 2,2.2,-trinitroethanol as an 
explosive was given by Japanese authors Shiino. I ujiwara and Kusakabc 1 2 1 4 1 

Frankcl |I52| described a number of Michael type additions of nitroform to 
unsaturated compounds. The most interesting was that of addition to nitroethyl- 
ene. 

VUIe ( 234 1 also dcsciibed some Mannich bases, their /V-mtro derivatives and 
acrylic ester of trinitroethanol. He also obtained the product of addition ot 
nitroform to acry lic esters. 

The interesting properties of mercuric salt of nitroform were extensively 
studied by Novikov and co-workcrs |9a). 

They described (among other reactions) the use of it for the mcrcuration ol 
aromatic and heterocyclic compounds and the addition of mercuric salt to al- 
kenesand theit derivatives 

The thermal decomposition of nitroform and some of its fluorine derivatives 
were extensively studied by Mazin. Manelis and Dubovitskii [252. 253) 

They obtained ortho-esters of *2.2. 2-trinitroethanol: such as the orthoformate 
(TNEOF) (V) and orthocarbonatc (TNEOC) VI by reacting 2. 2, 2-trinitroethanol 
with chloroform and carbontetrachloride respectively in the presence of an- 
hydrous ferric chloride. The yields were 749? and K9% respectively. 


HC |CX H : C(NO, ),|, 
V 


C|<X H,r<NO, ),| 4 

VI 


m.p I2B°C 


m p. I 6 I*C 
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The substances appear to be of good stability. They are soluble in polar sol- 
vents. The saturated solutions of V and VI in nitromethane are 1 53 and 1 48 
respectively. Their oxygen balance is +0.10% and +0.1 3% respectively. 

The substances show very low sensitivity to impact (they do not explode 
when 5 kg weight was dropped from 50 cm). 

Data on Ihe explosive properties of solutions of both substances in nitro- 
methane and nitroethane are given in Table 44. 


TABLE 44 Explosive properties of T.NLOF and TNEOC 

with nitroalkancs 


Composition 


Density g/cm 3 

Detonation 
velocity m/s 

TNEOI- 

50 

1.356 


Nitromethane 

50 

7075 

TNEOI- 

Nitrometham* 

77.1 

22.9 

1.533 

75 75 

TNEOC 

Nitromethane 

69.7 

30.3 

1.480 

7350 

INI OF 
Nitromethane 

770 

23.0 

1.496 

7440 


Manufacture of Mirofonn 

rije manufacture of nitroform from acetylene was described by Wetierholm 
1 1 44 J. The flow-sheets oi the process are given in Figs 34 and 35. 

figure 34 depicts a nitrator where the oxidat.on nitration takes place 

evobed^ WltH 3 rCC ° Very SyStCm ,0f lhC brge am ° Unt of ni,ro S en oxides 

figure 35 presents a distillation system consisting of fraclionating lowers and 
an evaporator. 

The equipment includes a concentration of dilute nitric acid formed in the 
figures °' ,hC reaCli ° n This is 3 s,andard Procedure and is not included in the 

o.nrf 16 tea r ,i0 " 0f ni,,alion is carried oul al 45 48°C. front (he overflow the 

oxides' wiit. ,He ,e3Cli0, ' g ° 10 3 Mripper Where ,hey a,e freed lrom nitrogen 
acid i. V" m 3 counlercur renl with cold nitric acid at - 1 5°C. The scrubbing 

sist of rn d ^ Pa " ° f ‘ he aC ' d fe ' d - 17,6 g3SeS generaled during nitration con- 
hot ' . ml, ° gen oxides and somc ni, roform. The gases pass through a 

is cond bbe I WhlCh rela ' nS nilroform - Nexl is a P acked lower where pure N.O. 
6% N 17, ,,v„ a COOler ' The wasle gases arc composed of 76% CO, . I 2% CO. 

T he extraction of nitroform from a strong nitric acid consists of two steps: 


v 1 


(N D n U) U) rs 
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1 Waste gates 8 Bleaching tower 

Cooling liquid 9 Nitrogen oxide supper' 

Cold scrubber 10 Water 

N 7 0 4 distillation 11 Catalyst 

Warm scrubber and stripper (N ; 0 4 ) 12 Nitration solution out 

N ? 0 4 scrubber 13 Nitric acid in 

Nitrator 14 Acetylene 

15 Air in 


FIG. 34. Production of nitroform. Nitration system according to Wettcrholm 1 1 38] 
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FIG. 35. Production of nitroform (Nif>. Distillation system according to 

Wettcrholm (138). 
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(1) Distillation of the acid until the composition reaches the minimum azeo- 
trop. Nitroform does not distil during this period. 

(2) Addition of water and distillation of nitroform with water. 

The overall yield of transformation of acetylene to nitroform is ca. 7 4%. 

TETRANITROMETHANE (TNM) (Vol. I, p. 588) 

There is an increasing interest in tetranitromethane as a source of energy rich 
explosives and this is manifested by a number of papers related to the physical 
and chemical properties of the compounds. An excellent review on TNM was 
given by Altukhov and Perckalin 1 1 56 1 . 

Physical and Physico-chemical Properties of TNM 

The setting point is +13.75 1 1 57a) , +14.2 [ 1 57b| (an incorrect figure was 
given in Vol. I, p. 588); boiling point 126°C 1 1 5 7 ) ; specific gravity di 5 = 
1.6484, dj° = 1.6218, mol. refraction MRp = 31.39 (calculated 29.30) |158). 

The ultraviolet spectrum is manifested by the main band at 280 nm, the infra- 
red spectrum has two strong bands 1618 and 1266 cm" 1 corresponding to asym- 
metric and symmetric vibrations respectively, and a number of less prominent 
bands at 1645, 1439, 1 370. 990 and 973 cm' 1 1 1 59| . Examination of the infra- 
red spectra of TNM at different temperatures (-40 c to — 126°C) 1 1 60 ) indi- 
cated that TNM exists in two crystalline forms with their transition point at 
— 99.8°C. 

The mobility of one mtro group of TNM suggested originally that one nitro 
group possesses a different structure from the others, for example, the nitrite or 
peroxy structure. This proved to be wrong and it has now been firmly estab- 
lished by X-ray analysis that TNM possesses a perfectly symmetrical structure 
[161 ) Fig. 34. This was substantiated by dipole moment measurement which 
has been found to be equal to 0 within the experimental error. Electron diffrac- 
tion also confirmed the symmetrical structure of TNM 1 162] . 

Quantum chemical calculation was carried out by Shlyapochnikov and 
Gagarin [ 163) . It was shown that the electron increased at the oxygen atoms of 
the nitro groups of TNM and was reduced at the nitrogen and carbon atoms. 
This is marked in Fig. 36. 

The energy of formation of TNM is according to different authors 4.7 8.9 
keal/mol and enthalpy of formation —18.5 kcal/mol. [156] . Heat of decom- 
position — equation (43) 

C(NO-) 4 — -CO, + 30, + 2 N„ (43) 

is according to various sources 89.6-102.9 kcal/mol [156]. The energy of the 
C — N bond was calculated: 38.2-39.3 kcal/mol [164, 165] . 
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127 ° 


-I.OW 9 


♦ I.SI9 


*OV-iA ( (• 


io«*° ;h' 


o O 

© N 

I IG. 36. Strut. luic or tctijimrorm'ilunc 1 1 ^ 6 1 

Chemical Properties (Vol. I, p. 589) 

The most important and unique property ol TNM is the perlect symmetry of 
the compound, absence of polarity and identical properties of all four nitro 
groups. In spite oi it TNM can yield the minimum cation NO* and trinitro- 
meihy] anion ('(NO, ), under certain conditions Also the existence ot corres- 
ponding ionic pairs is possible as well as the formation of radicals NO- and 
((NO, ),. 

As a rich compound of NO. groups. TNM shows strong electron accepting 
properties and several complexes of charge transfer character arc known which 
can further react to yield nitroaryls. arylniiroalkenes. a-nitroketones. tetunilro- 
aiKancs and dinitroisoxazolidines. 

Perekalin and co-workers [156. 166. I67| subjected a number ol charge 

l r ans f c. complexes formed by TNM 10 a sysien.atic sludv mine electronic 
spectroscopy. 

Char S e transfer complexes of TNM with unsalurated compounds are partial- 
•*> > characteristic: an intense colour (from yellow to dark red) can detect the 
presence of double bonds, for example in tautomeric forms (reaction of ()stro- 
nyslensk,, (168) and Werner 1 1 69) ). The reaction however, has a limned appli- 

com?’ °I CXamp,e * no co,our is 2 iven by maleic and fumaric acids. Also some 
impounds without double bonds give the colour. Such are compounds with 

ent sulphur. TNM can be applied successfully to detect components in 
enromatograms. 

eniM^ COmp,cxes 01 TNM w*** 1 unsalurated compounds are weak (I 70). their 
la,p y of formation is of the order of 1 .0 kcai/mol. 
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Perekalin, Altukhov and co-workers carried out an extensive research on 
addition of tetranitromethane to double bond [255-258). 

Altukhov and Perekalin |156) suggested the scheme for the formation ol 
CT complexes between TNM and a donor D: 

D ♦ (‘(NO, I* I)**-- -*C<NO,U [D - - - NO ; | * h - • A ( «NO, ), (44) 

Triruilion form Complex 

Nucleophilic Substitu tion 

Hantzsch and Rinkenberger [171) established that TNM can quantitative!* 
be hydrolysed to trinitromethane by potassium hydroxide or potassium di- 
oxide. However, aqueous concentrated KOI! can produce a deeper hydrolyse 
with the formation of KNO,. KN'O, and K,(0 3 [I 72). The reaction of tin 
formation of trinitromethane (‘nitroform*) from TNM became a standar. 
method of making nitroform used for synthesis of polynit ro aliphatic com 
pounds. 

TNM *eacts with 3 5% aqueous Na.SO, solution |I73| (Vol. I.p. 589) am 
the reaction became the standard method of removing I NM from TNT. 

An important reaction is that of halogenides of potassium, rubidium am 
caesium in dimethyl formamide yielding halogenotrinitromcthane 1 1 74. 175) 

( ,so,i 4 — Xl (No, i, (45 

-KNO, 

X-CT.Hi.l-* 

A similar chlorination can be carried out by chloramines 1 1 76 1 . 

Nit rotation of Tertiary A mines 

Schmidt and co-workcrs 1 1 72. 177) obtained iV-n it roso derivatives of tertiar 
amines by acting with TNM on the amines in pyridine or in acetic acid. 


gem -Din itn nnethyla tion 


TNM in the presence of oxidizing agents can introduce gem-dinitrometh 
group, for example, triplienylhydrazine and diphenylhydrazine can react accor 
ing to scheme (46) [ 178) and (47) [179) : 



(C*H,) 2 S — NH; 


TNM 

-UNO, 


(4' 
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was reported on ^ ac,ion ° f ™ m ° n ,e,rame,hyi - 


(CH 3 )j N — N=N — N(CH,), 


Nitration 


TNM 


(CHj), N — N=N — N 


/ Hl 


( 48 ) 


: C(NO, ), 


succeeded* ^ mediUm Schrn,d ' and c °- workers [181] 

succeeded m mtralmg compounds such as arylalkanes will, the double bond 

conjugated with those of the aromatic ring (49) 




■CH=CH, 


TNM 

PVlidinc 


-o 


of! n J. h ,t. Pre ” nC ! °! ' meIhano1 and e ">3nol the reaction leads to the forma.ton 
Of a-methoxy- and ethoxy 0-nitro compounds: 


-CH-CH-CH, (R « CM, and C,H, reipeciively) 

TNM imP °" am 10 n ° IC ,hal "“"-conjugated a.alkenes are not nitrated with 

An important contribution lo the reaction of TNM with alkenes. a.alkenes 

ctinTn ,7 r n , h : ')" Ukh ° k a " d PCrCka,in " S6 I A ' «^ple the re- 
action of I . I -diphenylethylcne with TNM is given. 

alkHTn d igina " y “ CT C ° mplCX WaS f0,med - TNNI *‘"8 acceptor and the 

o | d :, r ' T n r' a " '° niC , Pa " and ,he Ca ‘ ion Can reacI ,orn " n S r ''~alkcne 
or nitrodlcohol. The anion yielded nitroform (50). 


CT complex 


CM, / 

♦ C|NO,)« 

W.H,), 


* — Ol, NO, ♦ C |\o,), 


(50) 


11*0 


(C 6 H,),C=CHN0, 


(C»H,),C — CH,NO, 
OH 


acc^'u, 0 ^ 0 "” reaC ' ‘ n 3 differenI wa V “wing to the presence of a strong 




Radical Reactions 

A number of papers have been dedicated to homolytic degradation of TV 
under the action of ultraviolet or 7-rays. The reaction of TNM with bases (c. 
benzidine) beings with the formation of CT complexes [183) yielding radical 
anions which in turn are split into radicals (N0 2 ) and anions (e.g. nitroformanion 

Irradiation with 7-rays at 77K yielded radicals: *N0 2 and •C(N0 2 ) 3 [ 1 84) . 

As most nitro compounds TNT inhibits polymerization induced by radiatii 
[185, 186) and free radical polymerization (180-191). This is rationalized I 
the fact that TNM is a radicals acceptor. The higher the number of nitro grmij 
in nitro alkanes the stronger the inhibition of polymerization 1 189) . 


Ionic Polymerization 

TNM is a strong acceptor of electrons and subsequently can initiate ion 
polymerization. As an example it can serve the polymerization of vinylcarba/ 
in the presence of methyl methacrylate [192]. 


Metalorganic Compounds 

The reaction of TNM with aryl mercury or tin compounds yielded liydr 
carbons [ 193) , for example (52): 


AtHgAr - ONO,) 4 Ar*» Ar HgC(NO, ), ♦ 

| RH 
ArH 


•NO, 


N,(>4 



TNM reacts with copper to yield free radicals -CXNOjh and *N0 2 (194) 


Explosive Properties 

According to Roth (Vol. I, p. 590) TNM can be detonated (195) by usin 
strong booster of 10.5 g PETN. In a steel tube 21/27 mm diameter it gave 64 
m/s. The heat of detonation was found to be 540 keal/kg (157). As in ni 


256 


CHEMISTRY AND TECHNOLOGY OK KXPLOSIV tb 


explosives with a high positive oxygen balance the addition of a small amount of 
organic substances to TNM considerably increases the ease of detonation. 

Thermal decomposition of TNM was studied by Nazin and co-workers [ 196] , 
and is depicted by scheme (53): 



Toxicity (Vol. I, p. 593) 

TNM is highly toxic affecting respiratory organs and the nervous system. 
According to the American Industrial Hygiene Association |I97| the permitted 
concentration in air is 0.001 mg/1. A considerable number of papers have been 
published on the toxicity and pharmacology of TNM 1 198 203) . 

In connection with the health problem a number of physico-chemical methods 
for the determination of TNM in air and in solutions have been described, such 
as spectrophotometry, colorimetry of solutions and polarography. I hey are 
reviewed by Altukhov and Perekalin (156). 

Preparation of TNM (Vol. I. p. 594) 

Nitration of acetylene in the presence of mercuric nitrate seems to he the 
most common method of preparation of TNM. It means that the reaction is not 
stopped at the stage of the formation of nitroform (I44| but the latter is 
further nitrated under the action of the excess of nitric acid. 

According to Meyer (157) the best method of making TNM consists ol the 
nitration of ketene by introducing a stream ot it into cold lOO'Z nitric acid. 
After the reaction is completed the resulting solution is poured into water and 
ice. and TNM is separated. This method was described by Darzens and C Levy 
(204). 

HEXANITROETHANE (HNE) (Vol I. p. 596) 

. Interest has recently been revived in hexanitroethane and some data on the 
properties of the substance have been collected by Meyer (66] . viz.: 

m.p. 147°C 

density 1.85 g/cm 3 , ignition point 175°C 


heat of explosion 743 keal/kg 
volume of detonation gases 672 l/kg 
Vapour pressure: at 20°C 0.5 millibar 

50° C 1 5 millibar 
70° (* 5.0 millibar 
K5°C 28.0 millibar 

£ StST 2 — 1:4,1. s,a„da, ;*r = 

was found u> bo ’0.0 i 1 .0 kcal/mol. and in .He gas phase 36.9 t 1 .4 kcal, mol. 

T, r ssi" sst"* k*.. 

04-1 wi n discoveied ll.al IINI changes its c.ystallmc structure at around I . 

' The low tempetature modification is stable in the range >rom M 
VX The low tempetature font, is rhombic and has density 2.21 g/u. 

whereas that ol ambient tempe.atme is cubic and possesses the dcnst y g.vcn 
:r;. *5,. The transition is .eve, s, ..to and the heat ol t.ans.uon N, is 

thermic crystal change beg, ns at « 17V. suhhma.um a O . M roll, wed s 

and below that temperature nunc cracks can appear d 

- 7 rssKStiVSfflBW 

I '43 1 . Na/in. Mancks and Duboviisku m>i 

i t ic energy of activation ft 37.8 kcal/mol and log H 18.5 U 4 I « 
35 X kcal/mol and log II 17.3 do, the interval o. temperatures 90 135 f 


to 

3 


i a i i l 


NIT ROC ARBOXYLIC ACIDS 

Nilrocarhoxylic acids wc.c reviewed by Novikov and co-workers m their <>• 
r °t.ly P 7b!!ef outline will be given here, .he reader should otherwise cons, 

“ionS Sly acids was firs, effected by Bous in l«55 12051 whoni.ra, 
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and Polychronis [207) nitrated stearic, hydroxystearic, oleic and ricinoleic 
acids. They found that cold nitric acid had no effect on stearic acid, whereas 
oleic acid (as should be expected from its unsaturated character) yields nitro- 
oleic acid along with oleic acid nitrate. Ricinoleic acid in turn gave on nitration 
nitro-nitrate and nitrate derivatives. 

T. Urbanski and Biernacki [208 1 nitrated ethyl n-valerate with nitric acid 
in glacial acetic acid-acetic anhydride at 23 ± 2 °C and found that a mixture 
of 2-, 3- and 4-nitrovalerates was formed in the ratio 0.5 0.7:1. At 63 t 2°( a 
certain amount of l-nitrobutane was formed due to the decarboxylation of the 
2-nitrovaIeratc. 

Valeric acid was not nitrated at 23° C and required a minimum temperature 
of 33 ± 2°C. 

The nitration of propionic acid with nitric acid in the vapour phase gave a 
small yield (5%) of 3-nilropropionic acid according to Hass and lludgin |209| 

NITRODI AZOMETHANES 

Interesting nitro derivatives of Jia/ornctlianc were obtained by Schollkopf 
and co-workers. Thus Schollkopf and Markuscli |2!0| described nitrodiazo- 
methane which was obtained from /-butyl dia/.oacctic ester by nitration with 
NjOj followed by hydrolysis (54) also Chapter I. p. 30: 


tin * * \,=C 

— ((»()! 


HOII 

V 

N,=t ||\0, 

m.p. 

S5°C 


Nitrodiazomethane decomposes with HCI in moist ether yielding ClUIjNO,. 
Dinit rodiazomethane was prepared by the action of nitric anhydride on 
mononit rodiazoniethane ( 2 1 1 1 (55): 




N 

I 

l-C-NO. 


N,0$ 


- 30 
“Nj 


: v 

II 

N 

I 

(),N — C — NO, 


ONO, 

nt : 

I 

NO, 


(55) 


Dmitrotlia/ometliane 
m.p. 65’C d. 

4 y; 


No data on explosive properties are available. It appears that the low de- 
composition temperature renders the compounds of no practical use. but they 
are certainly of great theoretical interest. 


NITRO DERIVATIVES OF UREA 

N/f-bis (0.0.fl)-Trinirroethyl Urea (IV), p. 247 

This interesting substance was obtained by Wctterholm [250) in 1951 by 
reaction (56): 

2(NO,),rCH : OH + Mlj(*ONHj — - (NO, ),C ( H,NH CO NH OI,C (NO : ). (*>6) 


DiTeU separated as a white precipitate sparingly soluble in water. Another 
method consists in reacting dimethylolurea with nitroform [ 2 5 1 1 . The product 
is not a single compound it contains less soluble tractions of di- and trimer, 
which can be removed by crystallization: 


/ 

r, ( 


NIK HjCtNO, )> 


NH 


NH 


>■ 


c, { 

NIICH,( • NO, 


MICH,t*(NO, )» 


CO 

\ 


CO 


NH 

\ 

( 

/ 

NH 

/ 


Ml 

) 

Ml 


Hi 




NIK It, ( I NO; )j 


The pure DiTeU has a favourable oxygen balance: 

C, 11*0,, N, — -SCO, + 311,0 + 4 N,. (57) 


The explosion enthalpy is 1645 k cal /kg. 

The deflagration point is 210 c C, the rate of detonation 8000 m/s at density 
1.62, lead block 465 cm 3 . It is less sensitive to impact than RDX. 

A pilot plant for DiTeU, producing 30 kg/hr DiTeU, exists in Sweden at 
Nitro-Nobel A.G. A great advantage of the production is that no spent acid is 
formed. 


NITROSO COMPOUNDS (Vol. I, p. 602) 

Mlro-nitroso Alkanes (‘Pscudonit roles') 

As is known, pseudonitroles are formed by nitrosation of secondary nitro- 
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alkanes. Very little interest has been shown to this class of compounds which 

have been known since the classical work of Victor Meyer in 1873. For early 
work see [7] . 

More recently the mechanism for the formation of pseudonitroles and their 
stereo chemistry has been examined by Noland and Libers [2121. The pseudo- 
nitroles can be oxidized to gem-diniiro compounds with air or hydrogen per- 
oxide. 

Recently de Boer and Bolsman (213) examined photolysis of l-nitro-1- 
nitrosocyclohexane with red light in the absence of oxygen and came to the con- 
clusion that a hornolytic fission of C - NO bond occurred at 40°C and gener- 
ated a radical pair: NO and a-nitrocyclohexyl. Solvolysis occurred in different 
solvents. In benzene, cyclohexanone was formed as a major product and small 
amounts of 1 ,1-dinitrocyclohexane. as well as l-nitrocyclohexene and nitro- 
cyclohexane. 

'//exanitrosoheuzene' 

As mentioned in Vol. I. p. 603. hexanitrosobenzene now lus the accepted 
structure of 'Benzotrisfuroxane’ 

I his was confirmed by several physico-chemical methods, such as: 

X-ray diffraction (215) , 

X-ray photoelectron spectroscopy [216) . 

Vibrational spectroscopy |217|. 

I aser-Raman study [218). 

Nitrogen NMR [219). 

Carbon-13 NMR [220). 

It should also be pointed out that the substances with a furoxane structure 
(VII): 


VII 

Possess explosive properties [ 221 - 225 ). 

exce Hent review on furoxanes has been given by Kaufman and Picard 

Mtroenamines 

( nanunes are an interesting group of compounds, for example VIII 
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(CH 3 ) 2 N ch = ch no 2 

VIII 

An excellent review has recently been given by Rajappa [229). The sub- 
stances and their properties are outside the scope of the present book. 
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A ilromethane - Aluminium Chloride Complex 
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Thermochemical properties. A monograph should he mentioned of thermochemistry of 
nitro compound' by Lebedev and co-workers (91. Ptfpekin and co-workers examined the 
enthalpy ot' formation of dsmtiophenylmethanc. trinitrophcnylethane fluordimtrophenyl- 
methane |6J. and tluordinitromcihane 1 7] . The result' are given in Table A2. 

TABLI A2. Thermocliemical data of some nitroalkane derivatives 

Enthalpy ot 
formation in gas-plu>e 
ktal/mo| 

C 6 ll 5 CH(N0 2 h 8 3 100.2 

C 6 H s CH 2 C(NO : ), 1 5.7 79 1 

< 6 H<ri<N0 3 l 2 44 2 105.1 

CHIiNOj) 2 56 1 


Stench /feet s in Mrroalkanes 

Nuvik.»v and co-uo-kerx | H 1 »tuJied xleiic effect' in mono- and polynitroalkanc'. They 
ul. ul nod the equilibrium of cun figuration, energy -«l 'Irani' anJ enthalpy of atomization 
Stone effects from the nitre* groups macaw u it h the iiieieasc ot then number and the in 
crease ot the length of the alkyl chain 



Energy ot the bond 
( C between phenyl or 
benzyl and C(N0 2 l 2 or 
C( NO 2 I 3 kv.il/mnl 
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CHAPTER 9 

DIFLUOROAMINO COMPOUNDS 


As a resull of searching for new explosives and in particular rocket propellants, 
a new group of explosives was found ilut of organic compounds containing 
difluoroamino group Nl 3 . The group can also he regarded as a modification 
of the niiro group, where two atoms of oxygen wcie replaced by atoms of ll.ior- 
ine. 

There is now extensive patent literature covering the prcpaiation ot dilluoio 
ammo compounds and desciibing then potential use i' high energy piopelljni 
ingredients. However, some oi the compounds possess properties wluc i cast 
doubt on the safety ot their preparation ami handling. A striking example is the 
-.mplest member of the family with dillunrnummo group, i.e. dillimroamiue 
(Nlll j) This is a particularly dangerous eompottnd uucxpected defonatiotis 
have been reported. 

It appeals that interest in dillumoammo compounds is now diminishing, .is 
tar as their application as explosives is concerned. Nevertheless the chemist ;y >i 
difluoroamino compounds remains very interesting 

I wo routes lor the prcpaiation of dilliioiojinino compounds aie known 

< I ) through the direct lluormation ot amines. 

1-) through the icactions with tcirniluorolmlu/ine. accompanied In the - 
mal oi photochemical dissociation of this cmnpoiintl. 

A review ol the wmk on deiivarives of nitrogen lluonde compounds including 
tliose with dilluoroamino group was given by J. k Ruff 1 1 1 . I ok in and ko/> rev 
I '01 published an extensive review dedicated to dilluoroamino compounds. 

Reviews on dilluoroamino compounds appealed also in Advances in ( hem 
istry Series ol American Chemical Society |34|. They were reviewed mainly l«»i 
their application as rocket propellants. 


DIRECT FLUORIN ATION Ol NON-AROMATIC COMPOUNDS 

Although the lirst compounds with NF» group were obtained as early as 
W(> by (). K nt I and (iiese [35 1 the most important work started relatively 
teccntly in the early sixties. These were the indications ot the possible trans- 
lormation of N 1 1 2 into NF» given by I awton and co-workers [2| and (»ra- 
kauskas [3(. 
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0„, fr Fluorination of Ml, and SH Groups in Aliphatic Compounds 

law, on acted on solid urea with fluorine dilu.ed with nit.ogen a, 0°C and 

-i ■ — , - -Tt sr:.n'“ 

be V.A'-dinuo,c,u,ea (I). I. was extracted with ether as a hygroscoprc. la.kry. 
m * Additio na. ’e xarn pie s o f fluorination of compounds 

or NIK : I Is groups in an aqueous medium were late, also repo, re U . 

r ... .tAmtMMinik II IV. 


Of INtlV 2 I is 1,1 . .. , v 

described the formation of such compounds as ll 
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/ 

CO 

\ 


SI . 


Ml, 


/ 

t() 

'' V N»IK 


II 

K = ( ll». t jlh 


/ 


SHI 


{ «> 


» 1 1 »N1 : 


\(K)t ,IU 


III 


IV 


A compound analogous to I with SO, group instead ol ( 0 was prepared 

hv Huorinalion of sulphonamidc \ll 2 SO : NF 2 I I- 


Dijluorawinc ( Difhionmide ) Ml I': 

Di.luoro.mine Nl IF , was prepared by decompaction of I « HI. 

Diiluorarninc Is a gaseous substance |M wtth m*. 1 < ^ . 

hn *36 density d - 1.424 0 . 00202 1 (d measured at 4. 5 ( was .5UF 

b r pos^s ^Xrdmary explore properties. ^ 

impact, detonating spontaneously when cooled to - 1 % C n Irqurd n.troge, 
The \ I bond strength in Nlll is estimated to be 7. kcal.rnol I • 

According - Law ton and Weber |6| it was formed as on. o 
,K- action of lluorine diluted with nitrogen (in proportron 14 to I 10) on o 
uma a. o" f The resulting liquid mixture was distilled unde, reduced pressUK 
and condensation a, 142V gave M«F, w,.h a yielc loW ^.'*d 1 

lluorine used) The nond, stilling residue was composed of * a 1 . 

Difluoroamtnc was formed from A'./V-difluorourea through aerd hydrolysrs 


XI . CO Ml: 


IC.IIjO 


Ml I •- 


ll 


«—» - w •*““* oVS-c' » 

«ting on nitrogen Ir.lluonde with ueenic _ a • • . S u 
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phuric acid. A quantitative yield was obtained [8|. Tntyldinuoroamine in turn 
was obtained by acting with tetrafluorohydrazine on trityl cation [ 9 ) : 


N * F - * (C.H.),C* 


rr p. 7S-77°C 


HjSOj 


NIJFj 


Difluoroamine hydrolysed under the action of bases and fluorine anion was 
evolved ( 10 ). 

Difluoroamine forms complexes with ethers and Lewis acids, and decomposes 

on contact with copper, stainless steel and some organic compounds, such as 
urea [6J . *. 

It reacts with carbonium ions to yield A’./V-difluoroa mines [ 1 1 1 . 
Difluoroamine reacts with carbonyl compounds in acid medium to yield 
dilluoroamino derivatives [ 1 2a| . for example: 


i II, ( (X 


: sin , 

TiTsoT 


(II,— C — <11, |M I 


Ep 73 # ( 

and with acetylenes to yield NF, substituted olefins |l2b|. 

N<' explosive properties of such substances were reported 

Other Non-aromatic Difluoroamines 

Sharts [ 1 3) lluorinated a number of aliphatic amines. 

Me lluorinated hexamethylenediamine with a fluorine-nitrogen mixture ( I 2) 
in aqueous medium in the presence of sodium bicarbonate, trichlorntluoro- 
methane and methylene dichloride at temperatures below 2°C. 

N.N.N 1 .A' 1 Tetrafluorohexamethylenediamine or 1 .6-bis(difluoroamino)hex* 
ane (b.p. 70-75 D C at 0.1 mmMg) resulted with a yield of 23%. 

^ In a similar manner cyclohexylamine was converted into A’.A-Difluorocyclo- 
exylamme (the yield was 66%, based on cyclohexylamine and 23% on fluor- 
me ). It is a liquid boiling over the range 69 8|°C under 80 90 mmllg 

,)av|s and Graves I l4 l Huorinated guanidine and obtained an explosive pro- 
per: pernuoroguanidine NF = C(NF 2 ),. Rosenfeld and co-workers [15) lluor- 
•nated cyanoguanidine and obtained three major products V VII: 


(PtMj), 


FjNcsrrr ,\r 


(r,N),(IMCI ,\F, 


V 


M 

VI 


VII 
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Compounds VI (b.p. 55 3 C) and VII (b.p. 60°C) possess explosive charac- 
teristics. 

FLUORINATION OF NITROAROMATIC AMINES 

Coon and co-workers [16| have found a general synthetic procedure for the 
preparation of nitroaromatic difluoramines. Nitroaromatic monoamines, such as 
picramide and its analogues have been converted in high yield into the corres- 
ponding difluoiamines in liquid hydrogen fluoride and in some cases in organic 
solvents, such as acetonitrile, by using fluorine diluted with nitrogen, at tem- 
peratures below 0°C. 

Nitroaromatic diamines and triamines undergo similar fluorination reactions. 
DinitroaniIir.es were lluorinated in good yield, but fluorination ('I non- 
nitrated amines (such as aniline) is accompanied by ring fluorination ortho to 

the NF 3 group. 

According to the same authors the reaction of fluorination occurs through 
a radical mechanism. 

All substances described below possess marked explosive characteristics 1 16| . 



VIII 

l-Difluoramino-2,6-dinitrobenzenc (VIII) 

This substance forms light yellow coloured needles (Iron*. 50/50 chlorotorm 
hexane), rn.p. 9I-93°C. 

Ii was obtained by fluorination of 2.6-dinitroanilinc in acetonitrile at -10 
to — 5°C with a stream of 1 5% fluorine in nitrogen. The yield was ia. 60%. 

IDifluoruammo-2 ,4-dimtrobcnzenc 

This substance was not isolated in a pure form. The liquid product ol lluorin- 
ation of 2.4-dinitroaniline contained l-difluoroamino-6-fluoro-2,4-dinitro- 

benzene. 





NO, 

IX 
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l-Difiuoroamino-2 ? 4 ,6-trinitrobenzene (IX) 

The substance forms light yellow coloured crystals, m.p. 69° C. 

As mentioned already it was obtained by fiuorinating 2.4.6-trinitroaniline 
dissolved in anhydrous hydrogen fluoride at -5° to 0°C with a stream of 60S 
fluorine in nitrogen. The yield was 75%. 


l*Difluoroamino-2,3,4,6*tetranitrobenzene (X) 

I lie substance forms yellow coloured crystalline solids, m.p. H4°C. 

It was obtained [I6| from tetranilroanilinc (Vol. I. p. 560) in the same way 
as I -di tluoramino-2, 4. 6-trinit robenzene. the only difference being that no ex- 
ternal cooling was used and the temperature in the course of fluorination was 
that ot the b.p. of anhydrous hydrogen fluoride (-H9°C). The yield was 75% 

Difluorarninopenianitro benzene was obtained by fluorinating pentanitro- 
anihne (Vol. I, p 562) in the same way as tluorination of picrarnide. the only 
difference was that no external cooling was applied. The product was stable 
only m solution and could be detected by NMK spectrum. In the solid state 
the orange coloured crystals decomposed quickly and formed viscous oil. 


c>.\ 


// \N 


o \\ 


Hexamtrodiphenyltluoramine (XI) 

I Ins is a crystalline, orange coloured solid, m.p. 102 -I05°C. 

It was made from hexanitrodiphenylamine in acetonitrile solution by fluorin- 
ating with 15% fluorine at temperatures of -10 to -5°C (54% yield). It de- 
composed a , r oom temperature within a few days and is stable only below 
18 C. 


()» N 


XII 


Ml. 
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3-Difluoramine-2.4 ,6-trinitrotoluene (XII) 

This substance forms yellow coloured crystalline solids, m.p. 1 1 1 ( - 
It was obtained in the same way as (IX) at -16to-4°C with 46% fluorine 
nitrogen. The yield was 7K%. 


Other Difluoramino A'itroaromatics 

The following difluoramino nitroaromatics were also prepared 1 16) : 

a 3-Difluoramino-2.4,6-irinitroanisoI, a yellow coloured liquid. 

b. 3 . 5 -bis(difluoranuno)- 2 , 4 .6-trinitrotoluene, yellow coloured crystals m.p 

143 I45°( , 

c. 3-difluofamino*5-chloro-2,4,6-lrinitrotolucne, yellow coloured crystals, 
m.p. 149 1 53°C\ 

d. 1 ,5-bis(diflu»»r3nuiio)-2. 4-dinit robenzene. 

e 1 , 5 -bis( dillut>ramino)-2. 4-dinit ro-6-lluorobenzene. Compounds (d) and (e) 
were obtained in a mixture by Humiliating l.5-dianiino-2.4-diniirobcn/.- 

ene. 

I 1 .3,5- l tis(diflu»uainino)-2.4-dinilrobenzene. light yellow coloured crystals. 

m.p. 54 5<> n (\ 


The latter was obtained in the course of tluorination ot l,3.5-triamino-2,4 
dinitroben/enc along with 1 .3.5-tris(difluoramino)-2,4-dinitro-l .2.3.4.5.6-hexa* 
duorocyclohcxane a liquid product which was formed from the saturation ot 
the benzene ring of the product if ) with fluorine. 

No reference to their explosive properties was given, but private information 


.1 . . I 


lY. l*. ... il.d 


I LUORINATION THROUGH THE ADDITION OF I ETRAFLUORO 
HYDRAZINE 

r einijlw »r* »/r yjruzinc A7‘. A7- 2 

Tetrafluorohydra/ine is a gaseous substance witli b.p. - 73° ( . 

The preparation ol telralluorohydra/.ine was in a way a turning point in the 
chemistry of difluoroamino compounds by offering a stable reactive substance 
which could also yield NFj free radicals. The enthalpy ol dissociation (4) 

N. Fj — ( 4 ) 


is verv low 20 ± 1 keal/mol 1 1 ) . , 

Tetrafluorohydrazine was obtained by Colburn and Kennedy I M by Passing 

nitrogen trifluoride over copper at 375 ( : 


2 Nl , + ( u 


NjF. +CuFi- 


(5) 


1 
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The reaction can also be carried out with other metals, such as Fe. As. Sb and 
Bi. The conversion was 42-62% and the yield 62-71%. 

(Nitrogen trifluoride was obtained by 0. Ruff and co-workers [18) through 
electrolysis at 125”C of molten ammonium hydrogen fluoride NH 4 F. HF. It 
is a stable, gaseous, b.p. — 119 c C, substance which can be hydrolysed by hot 
water vapour.) 

It was also reported that nitrogen trifluoride could be obtained by reacting 
N 2 0 with fluorine at 700° C [19). 

On other methods of preparation of tetrafluorohydra/ine see [ 1 ) . 


Reactivity of Tetrafluorohydrazine 

F ra/cr [20] has shown that tetrafluorohydra/ine can react with methyl and 
ethyl iodide in a light initiated reaction to give A' .V ditluoroaininometlianc and 
ethane respectively. 

A number of authors reported the formation of bis(dilluoroamino) com- 
pounds by the addition of leirafluorohydra/ine to unsaturated aliphatic and aro- 
matic compounds [2 1 26) . 

According to (erfontain (24) tetrafluorohydrj/ine can react with polycyclic 
aromatic hydrocarbons in iso-octane as a solvent at 40’C. Thus anthracene 
yielded 9,10-bisfluoroainino-9,l0-diliydroanthracene I he product doe* not 
show good stability, it decomposed above I30°C with a gas evolution and at 
220°C yielded mainly the parent hydrocarbon. Similarly the product ol the 
reaction of stilbene w ith tetrafluorohydra/ine (which was 1.2-bisdilluoroamino- 
1.2-diphenylethane) decomposed above 80°C. 

The reaction of tetrafluorohydra/ine with diallyl ether was studied by Reed 
1 2b ) The main product of the reaction {48%) was di|2.3-bis(difluoroamino) 
propyl) ether (6) 


(CM, 


-01,1,0 »■ N,F« 


. < H, —01 — 01, 

I i 

M. NK 


Ihe other products were tetrahydrofurane derivatives. 

Fokin and co-workers (32) described interesting reactions of nitroalkcnes 
with tetrafluorohydra/ine. Such was the reaction of 2.2-dinit ropentcne-4 with 
tetrafluorohydrazine yielding 2.2*dinitro-4.5-bis(difluoroamino)-pentane (7* 
with a yield of or. 36%: 


m. — ( — oi, 

/\ 

M>. NO. 


Ml-’U < 

♦ \,| 4 K.N 

It II, CM 


— OM. — C II — \| . 

I 

Ol,— ( — 1 II, 

/\ 

NO, NO. 
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The reaction is very solvent dependent. Decomposition occurred in most 

solvents but the best proved to be acetonitrile. 

Fokin and co-workers |33) studied reactions of oximes with tetralluoro- 

hvdrazine, foi example (8) 


70-75 l 


ni.ni=NOii • NjK. 


oi.c 




Mosl of Ihe latter products are unstable. The only stable compounds were 
obtained from aiomatic oximes. 

Ihe addition of N,F 4 to acetylenes was studied by a number of authors 
I >7 y|, e reactions give ethylene derivatives unstable and readily isomer i/. - 
mg on further heating or under the influence of irradiation (9) 


K« SCK * N.l , 


N| . Nl, 


Nl , N l 


Kl — ( K 

I 

I 


The fact that Nl , radical formed through the equilibrium N 2 l- 4 s ' 2*NI ah- 
sorbs at 2f»0 inn suggests that it possesses photochemical properties. Indeed it 
was found that the irradiation of methane with N 2 F 4 produced dtfluoroamino- 
methane ( 10 1 

( H. — — l II, Nl , • IK N MID 


Similarly ct'ianc yielded difluoroaminoethane € * 2 1 1» NT 2 and C ll ? ( N. 

Olefins also reacted with N 2 F 4 under irradiation, lor example propylene 
yielded 50% of a mixture of substituted propylene and propane t XII I XI) |29| 


Ul,=citnt; 


ium mu, 

I 


1 11 .— < 111 — ( 


Kill 


XIV 


EXPLOSIVE PROPERTIES OF DIFLUOROAMINOALKANES 
AM) ALKENES 

A few experimental data of explosive properties of difluoroaminoalkanes and 
alkenes were collected and theoretical calculation of their properties was given 
by Pepekin [31 1 . 
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According to Berkc and associates [43] b.s-difluoroaminopropane and 
•butane give the rates of detonation: 

c 'j H* Nj F 4 , P = 1 .26, D = 6300 m/s. 

C 4 1 *8 N 2 F« • P = 1.20, D = 6000 m/s. 

Voskoboynikov and co-workers [44] have found similar figures for bis- 
difluoroaminobutanc and -pentene. They also described an interesting com- 
pound: tetra-difluoroaminopentane: 


(H* 
M , 


(II 

I 

NF, 


m, 


.P» I. 5 I.O- 7000 m/s. 


The general conclusion is that compounds with NF, group show similar ex- 
plosive properties as those with the same number of NO. groups. 

Theoretical Aspects oj Properties oj X/ \ Compounds 

A scries .»' theoieiical papers on the difluoroamino group and compound-, 
luve appeared, 'heir aim was to find a theoretical background lor the use ol di 
lluoroamino compounds 111 propellanis. 

1 . Isotopic exchange reaction ol dilluoroamine iM .III with l).() and m 
lluoro deutero acetic acid (CF.COOI)) was examined by Decker and Impastato 

2. The reaction of dilluoroamine with I ewis Acids |3?|. 

-V A general paper on the chemistry ol dilluoroamines by < , a jg cut. I Vs I 
WJS :,lso published If was dedicated to understanding the nature of \ | and 
N- X bonds and to obtain a picture or the .elative electron distrihution u, 
X NF, compounds. whm-X = F. ( I. II. M ,. ( f|,. ( \H< yn j <| , fhc clcc- 
hon iillimty ol cation NF, was found lo he very high and b\ adding an elec- 
,r< » n . a relatively stable radical NF*, was favoured I he electron distribution 

mure symmetrical than in anion NIT and cation NF, + which do not seem 10 he 
sufficiently stable. 

4. In searching lor high energy explosives the reactions were examined be- 
tween difluoroamino compounds and 

(a) organomelallic compounds. 

Ib) '"trie acid |39|. A variety of compounds were obtained m both in- 
stances. such as: 

<a> azo-compounds. dialkyldilluoro-hydra/ine. tertiary amine and hvdro- 
carbon. 

(b) alkyl nitrates and nitrites. 

*xL RC Vu Vliy 0t n ' tr0gen ,luorides NF 3- N a F 4 mid cis- and trans-N.F, was 
,ned by Mursl and Kha - Vat I 4 °I • Nitrogen trilluoride (NF,) is inert to pure 
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water but reacted with aqueous bases at 100°C to give nitrite and fluoride. N, F d 
was hydrolysed slowly with water at 60-!00 c C. Cis- and trans-N 2 F 2 were hy- 
drolysed with water at 74° and 89°C respectively. The reactions were of the 
first order with respect to N. F 2 and the major products are N 2 and 0 2 [4 1 1 


Thermochemistry 

Pepekin and Apin [42 ] calculated enthalpy of formation of l,l-bis(dilluoro- 
amine)cycIohexanc and the energy of the bond N-F. The enthalpy of form- 
ation - A//j was found to be 52.5 keal/mol and the thermochemical energy ol 
the bond N F was 68.4 cal. 
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CHAPTER 10 


ESTERS 

NITRATE ESTERS 
(O-NITRO COMPOUNDS) 

Althougli nitrate esters continue to be widely used and are important explosives, 
their chemical properties arc described to a much lesser extent than those of C- 
nitro compounds. This is understandable when considering the wide use of C- 
nitro compounds, particularly aromatic ones, not only as explosives but in a 
great variety of uses as intermediates and finished products, l or this reason die 
excellent monograph of Patai, series edited by H Feuer [1 1 . does not contain a 
chapter on CMiitro compounds and the only review papers dedicated solely to 0 • 
nitro compounds ucre by Boschan, Mcrrow, Van Dolah |2| and ( onnon |3 J , 

STRUCTURE (Vol. II. p. I) 

Three kinds of nitrate esters arc distinguished: primary, secondary and ter- 
tiary deriving from primary, secondary and tertiary alcohols respectively: 

(1) primary Cll 2 -0N0 2 

(2) secondary CH-ONOj 

(3) tertiary C-0N0 3 

This was pointed out by T. Urbahski and Witanowski (Vol. I, p. 6) who lound 
the spectroscopic (infra red) method of distinguishing the above species which is 
described later in the paragraph on spectroscopy of nitrate esters. 

DIPOLE MOMENTS (Vol. II, p. » 

Recent measurements of dipole moments carried out by Lemanceau and 
Caire-Maurisier |4] brought some new and important conclusions to the prob- 
lem of the conformation of nitroglycerine and other nitrate esters wit:i three oi 
four atoms of carbon in the chain. They concluded that there is less need for ad- 
mitting various conformations produced by the rotation around ( — C bonds ol 
the chain CM 2 -CH-CH 2 . Instead they rationalized their results in terms of the 
rotation in groups C-0N0 2 around the bonds C-0, viz. Formulae la and lb: 
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O 

0 ,^ \ 

/ 

H 


The same applies to propane-1 ,2-diol dinitrate (II) and butane- 1. 2.4-triol tri- 
nitrate (III). They also examined NMR spectra of nitrate esters - their conclu- 
sions are reported in the paragraph on NMR of nitrate esters (p. 284). 


OI,ONO, 


( MONO, 


nt.oNo, 


(MONO, 


Ml. (ISO. 


SPECTROSCOPY (Vol. II, p. 4). 

I. Urbanski and Witanowski |5| found that a stepwise substitution of hydro- 
gen atoms with methyl groups in methyl nitrate lowers the frequency ol asym- 
metric vibrations by about 5 cm* 1 for each methyl introduced. Subsequently it 
is possible to distinguish between primary, secondary and tertiary simple alkyl 
nitrates by their as frequencies, viz.: 

1632-1630. 

1626. 

1621 cm 1 respectively. 

On the contrary r sym vibrations of simple nitrate esters (1283 1280 cm' 1 ) 
is unaffected by the substitution as above. 

The fact observed by Pristcra (Vol. II. p. 6) that the infra red asymmetric 
vibration band of ca. 1639 cm' 1 of nitroglycerine has a shoulder was rational- 
,/ed b > Kossmy [6] . T. Urbanski and Witanowski (Vol. II. pp 4. 6) as the result 
°l rotational isomerism around the bond C-C 

0N0 2 . 

Nevertheless the shoulder can also be partly produced by the fact that the 
nitroglycerine molecule contains both the primary groups and the secondary O- 
mtro group. This refers also to all nitrate esters with longer chains, such as esters 
ol vry tritol and hexitols (e.g. mannitol, sorbitol), but not in esters of ethylene 
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glycol and pentaerythritol which show a splitting of the absorption bands: [7] 
and (Vol. II. p. 6). 

The data for infra red spectra obtained by T. Urbanski and Witanowski |5, 7] 
were used by Czuchajowski and Kucliarski (8| in the senes of papers on calcu- 
lation force constants. Such a theoretical approach for methyl nitrate was first 
given by Shlyapochnikov, Novikov and Zavilovich |9) . 

Czuchajowski and Kucharski examined a full range of derivatives of ethyl 
nitrate of the general formula Y CH 2 -CH 2 0NO 2 . I able 4> gives comparative 
results of experimental values |5, 7] and their calculation |8). Table 46 gives 
stretching force constants and the influence of 47 inductive effect ol the sub- 
stituents )’. 



TAB1 1 

45 Stretch me frequencies ol NOj group in 




Y CHj-CTIj 

ONOj 


• 1 


<N0 2 icin’ 1 

< N() 2 ) cm’ 

I 

V 

exper. |4.6i 

tlieor. (7) 

c\per. |4. 6 1 

Iheur. 1 7) 

OH 

1631 

16*2 

I2K2 

1284 

Cl 

1652 

1640 

1651 

I2H0 

I2K* 

Hr 

1651 

1641 

1655 

1282 

127.* 

1284 

1 

1662 

16411 

1660 

1281 

1262 

1284 

ono 2 

1656 

164* 

1656 

1282 

1271 

1 2 7 3 


1 A III 1 46 St 

retching toree constanlvin ^ CH 2 <ll 2 ONOj. 




Influence of *1 inductive effect 



(acitmlmg l«» Czuchaiouski 

and Kucharvki 171 ) 



Y 

*0 N 

8n 0 





m dyn/A 



Oil 

4 40 

9.04 



Cl 

4.10 

9.25 



Bi 

4.07 

9.29 



1 

3.99 

9.35 



ONOj 

4.07 

9.29 



In the next paper 1 10) Czuchajowski and Kucharski extended their calcu 
I j tions of valence force field (VFF) to compounds of the general formula > 
CH 2 -CH 2 -ONO ; , where Y was N0 2 . CN. 0N0 2 . Their calculated results in 
eluded the difference between gauche and trans conformers. the values o 
which were 1655 1652 and 1644-1641 cm"' respectively and are also in agree 
mem with the experimental data [7). 
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NUCLEAR MAGNETIC RESONANCE 


Lemanceau and Caire-Maurisier |4] examined NMR spectrum of mtroglycer- 
ine with a view to determining the conformation of the compound. The spec- 

"7 the type ABCA ’ B ' “nd appears to favour the ecliptic conformation 
of C-0N0 2 groups. 

PoWocka, T. Urbanski and Wadawek (ll| examined NMR spectra nfery- 

Ihntol tetramtrate (an acceptor) while studying its charge-transfer complexes 
with bases as electron donors. 

ELECTRON ATTRACTING PROPERTIES OF NITRATE ESTERS 
AND CHARGE TRANSFER COMPLEXES 

r. Urbanski (Vol. II. pp. 167, 169) and later Witanowski |l’| have shown hs 
way of thermal analysis that some O nitro compounds such as l> -mannitol hexa- 

nitralc and erythritol tetranitratc can form additional complexes with aromah. 
nitro compounds. 

In a series of papers |n 1S.22| T Urbanski. Iletnarski and Poludnikiewie, 
described charge transfer complexes with nitrate esters as electron acceptors 
rciramcthy|.p.phenylencdiamine (TMPD) was used as an electron don.,,. The 

V , lc slag< ; l,f ,hc action between nitrate esters and TMPI) in 1 .2-dichloro. 
ethane as the solvent was the formation of the bluish-violet coloured rad, al- 
um known as Wurs.cr cation (IV) [16. 17] formed from IMP!) through .he loss 
ol one electron. The presence of Wurster cation ,s man, tested bv two absmp.ton 
bands in the electronic spectrum 570qnd 620 nm | ?\ I Ik* authors established 

'hat at least three ONO, groups are needed to form one mole of IV for ev 
ample: 


3 Hono. » 


Hi (II, 
N 




<"/ Tti, J 


MOl.h 


Mni,), 



M, i. 


Nl« II,,. 


3«o \o.r i * 


MC II, ,. 


IV 
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The comparison of the enthalpy of the formation of Wurster cation of pri- 
mary', secondary' and tertiary butyl nitrate has shown that the primary ONO ; 
group is the weakest electron acceptor and the strongest is the tertiary 0\’0 ; 
group the enthalpy of formation (-A//f) being 0.47 and 0.61 keal/mol respec- 
tively. Nitroglycerine, peniaerythritol tri- and tetranitrates reacted with TMPD 
at the molar ratio 1:1. The same ratio was observed with erythritol tetranitratc 
but comparison with peniaerythritol tetranitratc (PETN) shows a stronger elec- 
tron accepting property of the former probably due to the presence of secon- 
dary nitrate groups. 

Ilexanitrates of hexilols show' strong accepting properties: I mole of hexa- 
nitrates with 2 moles of TMPI), in agreement with the rule 3 0N0 2 groups for 
I mole ol TMPI). 

More detailed examination of the electronic spectra ol TMPI) with pentu 
nitrates of i>-xyl,tol. n-manniiol and hexanitrates of D-mannitol, n-sorbitol. 
1 ,-dulcitol and myoinositol has shown three stages of the reaction in 1,2-di- 
chloroethane is a solvent. At first all of them showed a rapid formation ol low 
intensity transient bands between ‘>0‘> and 1030 nm, which corresponds to an 
unstable CT complex. Within 15 min (as in the case or all othci nitrate esters) 
two bands ol Wurster cation appeared. While these bands of nitrate esters per- 
sisted for a lew days, both bands of pentamtrates and hexanitrates disappeared 
within 2 limns and were transformed into one band ol 450 nm characterizing 
the yellow coloured relatively stable complex of the ratio 1:1 of hexanitrates to 
TMPI). The enthalpy of * lie formation of the new complex was A//, ~ 5.12 
kcal/ntnl. a value of the same magnitude as in many t, r complexes, following 
the ‘overlap and orientation principle' ol Mullikcn [18| the structure of the I I 
complex was rationalized 1 1 5 1 being as shown on formula V. (I ie 40. p. 308). 


< i 



V 

The structure of TMPD is represented here as TMPD being transformed into a 
quinoid compound: tctramethyl-p-quinonediamine dication formed by dis- 
proportions of Wurster cation. Its structure was confirmed by infra red spectro- 
scopy. 
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A hypothetical structure of complexes of nitrate esters with one to four 
nitrate groups was also advanced [19) . It was suggested that TMPD be used for 
analytical detection (including TLC) of nitrate esters [20) . 

In the light of the above work the finding of Parihar, Sharma and Varma [21) 
on the colour reaction of 0 -nitro compounds with potassium sulphanilate and a- 
naphthylamine in acetic acid should also be attributed to the oxidation of 
amines. The reaction produced the coloured cations and possibly charge -trans- 
fer complexes between the 0-nitro compounds and the amine. 

Further experiments were carried out on CT complexes between D-manmtol 
hexanilrate and pyrimidine and purine bases important in biochemical pro- 
cesses [22). A summarized report has also been given on nitrate esters as elec- 
tron acceptors 1 23 ) . 

Eraser and Paul [159) examined nitrate esters by mass spectrometry. Both 
mononitrates and poly nitrates were examined. The main conclusions of this im- 
portant work are given below. 

//-Alkyl mononitrates are subject to cleavage as: 
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Nitroglycerine shows a low intensity peak of 76 m/c. 

kriemler and Buttrill [161) studied the formation of positive and negative 
ion-molecules from ethyl nitrate by ion cyclotron resonance technique. They 
found three kinds of reactions of positive ions 

(a) transfer of N0 2 + from ('ll, ()N0 2 + and 1 1 3 NO, 4 to ethyl nitrate to form 
C 2 H 5 NiO, + . 

(b» protonation of (\ ll«()N() 2 by ( 2 II, . ( ?IU and C HO . 

(c) fragmentation of protonaied ethyl nitrate into ll 2 N(), ami ethylene. 

Negative ions have been found ( 2 1 1,0 . CjMj and 01 1 to produce NO, . 


HYDROLYSIS OF NITRATE ESTERS (Vol. II. p. 7) 

Baker and co-workers (Vol. II. p. 8. |23 25|)havc undertaken extensive re- 
search on alkaline hydrolysis of nitrate esters. Their results, as those of the other 
authors |27| . were reviewed 1 2. 3| . They can be summarized a.» follows 

Nucleophilic attack on carbon (S\ 1 and S,\2): 

HO~ + RCHj-O-NOj — » RCH, -OH + NO,\ (4a) 

Nucleophilic attack on nitrogen (S\2): 

HO - + RCIIj -* t O-NO } — |R CH 2 -'*0 MONO, 1 — RCII, 0 H + NOf. 

• (4b) 

Nucleophilic attack on o-hydrogen (1:2) 

HO“+ RCHj-0 NOj — -RCH = 0+N0. +H,0. (4c) 

Nucleophilic attack on 0-hydrogen (El and E2): 

HO”” ♦ RCHjCH 2 -ONOj — -RCH-CII, +N0r + H,0 (4d) 

Thus both cleavage of bonds C-0 and O-N can occur. 
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The reaction of primary and secondary mononitrate esters are slow, for example 
slower than alkaline hydrolysis of carboxylic esters. 

Primary nitrate esters can undergo alkaline hydrolysis mainly by two path- 
ways (4a and 4b) and the yield of elimination reactions (4c and 4b) are. gener- 
ally speaking, negligible. 

Secondary nitrate esters give a more complicated picture. The dominating 
reaction is S N 2 but reactions (4c) and (4d) are of importance. Reaction (4c) can 
yield (depending on R) 8-45/? ol the carbonyl compound in addition to a 
certain amount of alkenes. A striking example was given by Baker and Pasty 
[23] on hydrolysis of isopropyl nitrate (Vol. II. p. 13). An important contri- 
bution to the mechanism of the reaction of hydrolysis was given by Crystol 
and co-workers (Vol. II. p. 14) while reacting optically active 2-octyl nitrate. 

Reaction (4c) 12 (24] has been used to introduce a carbonyl group into 
steroids (28] . 

Neutral hydrolysis of primary and secondary nitrates is very slow |23|. 
On the contrary, simple tertiary nitrate esters are readily hydrolysed |23, 27. 
Lucas and Hammett (Vol. II. p. 8)| to yield cither alcohol (S N I) or olefin 
(LI). Both go through the tertiary carbonium ion. 

The four modes of hydrolysis can explain the reaction of nitrate esters 
with other nucleophiles such as ammonia and amines, hydrazine (Vol. II. p. 12). 
hydroxide and alkoxide ions (S N I and S N 2). Here the esters can act as ablat- 
ing agents. 

Alkaline hydrolysis at 25°C of glycerol trinitrate. 1,2-glycerol and 1.3-gly- 
ccrol dimtrates. 1 -glyceryl and 2-glyceryl mononitrates with C0 2 free aqueous 
calcium hydroxide was studied by Capcllos and co-workers |I03|. They found 
that 2-glyceryl mononitrate isomerized on hydrolysis to I -glyceryl mononitrate 
and 1,2-glycerol dmitrate isomerized to the 1 .3-dinitrate before the hydrolysis 
was accomplished. 1 , 3-Glyccrol dinitrate furnished on hydrolysis glicydvl nitrate 
f 1 agreement with the reactions described in Vol. 1 1. p. 128. 
j Nltra,c ester hydrolysis is not catalysed by mineral acids to an appreciable 
[extent [29. 26] . This is in contrast to nitrite esters which readily hydrolyse in 
L«n acid medium. According to Dewar [30] nitrate esters are protonated prefer- 
entially at the alkoxy oxygen according to equation ( 5 a): 

| R-ON'Oj + H + R-0*-N0, ROM * NO,* (5a) 

* lhe last stage of the reaction is inhibited by the large positive heat of the 

^association [3]. 

J I n concentrated sulphuric acid nitrate esters are almost completely dissoci- 
B 0 according to equation ( 5 b): 


RONO, + 3H, SO« 


ROSOjH + NOf + H,0* * 2HSOr. 


(5b) 
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Such a system can be used as a strong nitrating agent (Vol. I. pp. 15, 122). The 
nitration of an active inethylene group with nitrate esters was basically described 
in Chapter I. 

An interesting method of hydrolysis of nitrate esters to alcohols was given by 
Pews 1 158]. It consists in refluxing nitrate esters witli formic acid followed by 
refluxing with methanol. Pentaerythritol trinitrate yielded pentacrythritol. 

REDUCTION OF NITRATE ESTERS (Vol. 11, p. 18) 

The review on nitrate esters [2] should be mentioned here. The following arc 
agents which can be used to recover the original alcohols: LI All l 4 , sulphides. 
II, on Pd/cliarcoal. Raney Ni. I’t The reduction on platinum can go as far as to 
the formation of ammonia from ONO : . (irignard reagent can be also used to 
j reduce nitrate esters (31 1 . Reduction lias been used to remove the O-nitro group 

which served for protection of Oil during the synthesis of some steroids |32, 
33). 

Polarograpliy can be used as an analytical method ol quantitative determin- 
ation of fj-nitro groups. It was applied to simple esters |34| and to nitroglycer- 
ine [35 1 . 

CONVERSION OF NITRATE ESTERS INTO NITROALKANES 

Bachman and < omum [37] described an interesting reaction of conversion ol 
nitrate esters into mlroalkancs according to (6): 

RONO, ♦ NaNO, — ♦ ROM (from RONO) (6) 

The reaction of nitrate esters with metal nitrites (e.g. sodium nitrite) was 
carried out in a suitable solvent at temperatures below 100°C. The nature of 
solvent is decisive to the yield. In the instance ot //-propyl nitrate the best 
result (42'.' of I -nitropropanc) was obtained by keeping the reagents lor one 
hour at 45°( in hexamcthylphosphamide. The rest of the nitrate ester was con- 
verted to the original alcohol (54 '?• of /r-propyl alcohol in the described ex- 
ample ). 

The reaction has little value for the preparation of nitroalkanes, but is of 
theoretical importance as it indicates the reactivity of nitrate esters. It should be 
added that J. B. levy |59) has found that thermal decomposition of nitrate 
esters resulted in the formation of small amounts of nitroalkanes. Thus the form- 
ation of nitroalkanes from nitrate esters seems to merit a more detailed examin- 
ation ol the mechanism of the conversion and decomposition. 

FORMATION OF NITRATE ESTERS (Vol. II. p. 20) 

The review by Van Dolah and co-workcrs [2] should be mentioned. Owing to 
the fact that sulphuric acid in a nitrating mixture promotes hydrolysis of nitrate 
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esters, it is often desirable to nitrate alcohol with nitric acid alone in the pre- 
sence of urea. The method was used on a large scale to make iso propyl nitrate 
[36). Urea obviously is a scavenger of nitric oxides and nitrous acid com- 
pounds which can lead to oxidation and often dangerous decomposition. 

Other nitrating agents which are the source of N0 2 ~ ion can also he used 
(Chapter I). 

An interesting method of making nitrate esters consists in reacting dinitrogen 
pentoxide with alcohols in a vapour phase as developed by Bachman and Con- 
non 1 3 . 37). A continuously working laboratory nitrator was described by Con- 
non [3). Mere N 2 () s is produced as a dilute mixture with oxygen by reacting 
N0 : (N 2 0 4 ) with ozonized oxygen and has a composition according to the epi- 
gram (7): 

NO, + (), ^ NO, *• O, — - N,0, (7) 

The addition ol N 2 0 4 to alkcnc oxide can also produce nit ate esters I 
White and Feldman [38] reacted with a solution ol \ 2 () 4 on sodium butox tie 
butanol at — 75°C. and received butyl nitrate with a yield ol X‘)' . 1 lie rcnciion is 
also an example of N 2 0 4 acting according to equation 1 16). Chapter I. as ion 
pair nitronium nitrite (NO* 4- NO, - ). The order ol adding reagents is critical the 
reversed nitrosation can occur due to the action o! N 2 0 4 m the capacity of 
nitrosyl nitrate (\O f + NO, ) equation (17). Chapter I. Hus was substan- 
tiated by Bachman and Connon |3. 37|. fliey also found that Mklium hydroxide 
can be used instead of sodium butoxide. 

A convenient laboratory method lor the preparation ol nitrate esiers coiimsIs 
in acting with silver nitrate on alkyl bromide «»i iodide in iiitroinethane or nitro- 
benzene (2) or acetonitrile |3| Kornbltim and co-worker* |''>| made an e\ 
tensive studv of the stercochcmistrv and meclianism in the reaction of silver 
nitrate (and nitrite) with alkyl halides. Their conclusion can be summarized the 
optically active nitrate esters (as well as nitrite esters) are produced with an 
inversion. Thus optically active 2-hromooctane when treated with silver nitrate 
gives 2-octyl nitrate of the inverted configuration regardless o'* the solvent. With 
a-phcnyletliyl chloride however, the stem: course of the reaction is solvent 
dependent: m ethyl ether and in benzene o-phenyletliyl. nitrate is produced with 
retention of configuration but in acetonitrile or petroleum ether the nitrate ester 
is produced with the inversion. The authors came to the conclusion that the ic- 
action of silver salts with alkyl halides is rationalized as concerted S\ I S\’ 
processes. 

Nitrate esters are formed as by-products in the reaction of alhyl bromide or 
iodide with silver nitrite [40|. By using a temperature below 0°( the formation 

nitrate ester can be prevented [41). 

Olah and co-workers [42 1 suggested a convenient and sale method for the 
Preparation of alkyl nitrates (particularly polynitrates) via transfer nitration of 
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alcohols (polyols) with A'-nitrocollidiniu.n tetrafluoroborate according to 



The yield is 41 100'-;. thus ethyl nitrate, glycol dmitratc and mlroglycei me can 
be obtained in theoretical yield. 

Among the other methods of formation of nitrate esters the reaction d is- 
cove, 0,1 by I rumiiimonl |43| of .he action of nitric wul "» ,s J’ 1 

importance 


ni.NiiNo, — ini.oMi; < n : o 


If) 


The read ion should Ik- lake, into com.doiai.o., who. examining Hie lormano., 
of nil r amines including ( ydonite. 

Inicretling reactions of .he ronna.km of ni.rute Men cohMS. in I.* acli. n o 

some „U.a.i..g age.. ••Ikmid ami alkyl groups, t.tov and S cli uo |4 

cs.al.lisl.cil ilia, cyclohexane. ,, -I, .-plane and n odarn- icac. will. 

pen, oxide ... yield cydol.exyl. 2 lwp.yl.~l 2«x.-.yl nrt.ates respectively s > - 

a „a om ukes |45| described the ac.im, ol an excess ol m no acid or umn.i 

an nun. ..itra.e on 2 . 4 JS-.ri.i.cll.ylnc..penlylhcn««c found 

pounds were to lined will, one of .he mrlliyl u.onps subjected to ..Mio-oXKlnl.on 
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In another series of experiments Suzuki and associates |46| found a similar 
reaction of nitration CH 3 — ► CHjONOj by acting with nitrous acid on penta- 
methyl derivatives of acetophenon. 

Nitrate esters can also be made by the oxidation of nitrite esters (Vol. I, p.2). 
This reaction can also be carried out through a photolysis of nitrite esters. Such 
is, for example, the photolysis of octyl nitrite in heptane saturated with oxygen 
of the probable mechanism as below |47, 48) : 


C a H, ?ONO + h* 


CiH.,0- ♦ NO. 


2N0 + 0, 2 NO,. 

C,H,,0- + NO. ^ C»H, 7 ONO, 


<b> (11) 


The yield was 50%. 

Bachman and Cannon (49) have shown that simple nitrite esters can be 
partly oxidized to corresponding nitrate esters by mixtures of N, 0 4 and oxygen 
which probably react as N 2 O s or free radical NO,. The same authors |37] 
obtained nitrate esters by reacting nitrite esters with a mixture of \ ; <), with 
ozonized oxygen according to (7). Octyl nitrite gave a 70% yield of the nitrate as 
well as 30% octanoic acid. When octyl nitrite reacted with dilute o/om/eJ V0 4 
(which reacted as N 2 0 5 ) in a counter current reactor |3| the yield ot octyl 
nitrate could he as high as 97%. 

GAS-CHROMATOGRAPHY OF ALKYL NIT RATES 

Although analytical problems arc not discussed in the present book, i: is 
appropriate that some information should be given, as the problem of the pre- 
sence of nitrate esters, for example in air. is connected with problems of safety. 

Alkyl nitrates can be separated and identified b\ gas liquid chromatographs, 
l-thylenc glycol succinate was used as the partition liquid and ( elite C'22ak was 
used as support (155). Gas-liquid chromatography was used to determine 
nitrate esters in the presence of aromatic nitro compounds 1 156| An improve- 
ment was made in the gas-chromatography by using an electron capture detector 
w ith tritium source [ 157] . 


ALKENES as a source of nitrate esters 

As pointed out in Vol. I. p. 146 nitrate ester of 0-nitroethanol can be formed 
> passing ethylene into a nitric-sulphuric acid mixture, and a side reaction is 
e formation of ethylene glycol dinitrate. However in most experiments nit ro- 
t J\ llrale ester is the minor product of the reaction. The reactions of aikenes with 
I 2 0 4 were described in the excellent review paper by Shechter (50| . The classic 
ft work of N. Levy. Scaife el aL (Vol. I. pp. 594-5): (51- 53) should be mentioned 
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here, as well as those of Lachowicz and Kreuz (54). Bonetti and co-workers 
(55). Stevens (56). 

Connon (3) summarized their results in two schemes. The simple version is 

( 12 ). 




Here the oxidizing agent can be N,0, or -NO, which can be formed by the 
action of oxygen on NO + NO: (57) . 

An interesting method for the formation of an iodo nitrate ester consists in 
acting with IlglNOj), and iodine on alkcnc (58). 


NITRATE ESTERS AS EXPLOSIVES (Vol. II, p. 2\ 

Relatively little work has been dedicated to the examination of such prob- 
lems as the rate of Jctonation of nitrate esters, except in the instance of new 
compounds or those which arc not yet sufficiently known. I hey are now re- 
ported in a description ot the said compounds. On the contrary, considerable 
work has been done on thermal decomposition ol nitrate esters. I’aiticukuly 
numerous are papers by Soviet authors mainly those of Andreev and his School 
collected in three monographs (60 62|. The data on the energy of activation 
of thermal decomposition of nitrate esters and the frequency : actors are collected 
111 Table 47 |63 65 1 The calculated figures are remarkably similar lor all 
nitrate esters and also are in agreement with those formerly found lor nitro- 
glycerine - Vol. II. p. 50. It should also be pointed out that the energy ol activ- 
ation is greatly influenced by the temperature of experiments see (76. 77| . 

Determination of stability remains largely unchanged and is much the same as 
described in Vol. II. p. 23. The ‘Heat test' t Abel test) is frequently used to deter- 
mine the purity of nitrate esters such as nitroglycerine, glycol dinitrate, DGDN 

and nitrocellulose because of its simplicity (66). 

Fraser |o7] examined the stability of nitrate esters by determining the hydro- 
lysis rates of the esters using sodium hydroxide in 90% ethanol at 30 and 60 ( . 
The reactions are all second order in both nitrate ester and hydroxide ions. As 
the measure of the stability of an ester Fraser took the initial specific rate ol 
hydrolysis. His results are summarized in I able 48. 

He concluded that stability increases as the length of the carbon chain increases 
and is further enhanced by the introduction of an a-melhyl group. Alkyl sub- 
stitution in 0-position has a smaller but similar effect. The replacement of a 
hydrogen by methyl or substituted methyl group decreases the rate of hydro- 
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TABU. 47. Energy of activation of nitiale e^ers 


Compound 

Energy of 
Activation 
kcal/mol 

log B 

Temperature 

ranges 

°r 

References 

Ethyl Nitrate 

39.0 

15.5 

IDO 

170 

#>41> 

Nitroglycerine 

39.0 

15.4 

HO 

140 

64 l 

Ethylene Glycol 
Dmitratc (Nitroglycol) 

39.0 

14.5 

So 

140 

64 l 

Dicthykiic Cilycol 

42 0 

16.5 

HO 

140 

64 e 

Dmitratc 

1 ,2-Propylenc Glycol 

40 3 

I VX 

72 

140 

65 

Dmitratc 

1 ,3'Propyleiu* Glycol 

39.1 

14 9 

72 

140 

65 

Dmitratc 

1.4 Butylene GIvl.iI 

390 

15.1 

72 

140 

65 

Dirvlratc 

2.3 Butylene Glycol 

41 6 

It*. 7 

7 ' 

1 40 

i 5 

Dmilrate 

Mannitol llexanilratc 

3XO 

|S‘» 

HO 

140 

Ml 

PI TN 

40.0 

I5.X 

HO 

1 40 

t*4i 

Nur.Hcllul.Ketl 3. 35'r N> 

39 2 

15.0 

1 rm 

170 

M 

l olhxlitm ( 'niton 

3XO 

14 4 

711 

140 

6t.i 

■ • - ■ ■ ■ -• — • . • • — ■ ■ » . wmm 


1 -‘III 1 4s Initial w» Olid 

order iates.»l liv <lr**ls m* %•« 


nitiale e 

.ter' |6 * | 
• 


Coin pi mi mis 

to* l , 

o 

to < 

I.O< 

Methyl nitrate 
Nitrocthyl nil lie 

lii'O 

II.* 

/i-propyl nitrate 


\ %l 
• “ 

o-hutyl niti.ilc 


2.9 

1 nitrate 


1 6 

Ethylene glyi t*l nnnm-nilruU 

1 OX 

;*oo 

Ethylene pbcnl dmilrate 

160 


1,3-Propane dinl dmilrate 

«K 7 

1 <00 

1.4-Butane diol dmitrale 


16.0 

IXtDN 


140 

Tricthylciieglyeol dinitr.ile 1 1 1 GDN » 


340 

1.2 Propane diol nitrate 

.'4 

4650 

L3 Butane diol nitrate 

| 


2.3 Butane diol nitrate 

2 9 

66 

Melriol Iriuitrale Itriinethv lol-inethy Imeilianv imiitutet 69 


Ntlroglyecriiie 

241 KM 


1.3 -Glycerol dinitrate 

4500 

66200 

I-Glyccrolnmnanitrate 

21 sti 

51000 

--Glyccrolnioiionitrate 

920 

20500 

N 'tro-iso.hiny| glycerol trinitrate 

12X001- 


PITN 

34 

2700 




lysis (compare the rale ol ./-propyl and iso-butyl nitra.es. nitroglycerine anJ 

melriol iriniirale). . 

The recent novel use of nitrate esters (in addition to their primary role as 

constituents ol high explosives and propellants) is also directed towards unprov 

ing the ignition and burning of liquid fuels, for example isopropyl nitrate <p 30 >1 
( urme |68 6‘>| suggested the addition of polyethylene glycol nitrate and poly 
propylene nitrate as an addition to liquid fuel. C urrently experiments arc being 
carried out in llrasil on adding a small proportion (ra. 3 r * ) of nitroglycerine to 
ethanol used as engine fuel (p. 299). 


BIOLOGICAL ACTION OF NITRATE ESTERS 

According to Von Ocltmgcn |70| nitrate esters oxidize haemoglobin to 
mcthacnioglobin and. by depression of the muscles in the vascular walls, cause a 
peripheral vasodilatation resulting: in lower systolic blond pressure, and increased 
pulse and respiraloi) talcs. The maximum pcimittetl coticcillralnm in workine 
places differs ft., different nitrate esters: a typical example is nitroglycol will, 


a . I — .at 


GLYCEROL TRINITRATE (NITROGLYCERINE (Vul II I’.^l) 


Setting Mm 

Some now data have appeared on the physical properties of nit io|-lyeerine. 
Such is the determination of the setting point b> Andreev and lle/pa.ov | | on 

k • I .1 I * l I I >> I I lUI 


ion 


.SULH l> 1 1 1 V UUSHiiinu"'"' * I I 

highly pure miroglycemitf. Nitroglycerine was punlicd by molcciilai disti la 
at 40 >0°f unde, pressure ol I O’ 4 10 ' Inn- Alter Iwr. or three distillations 
the setting point 4 13.1 was found. The authors considered this method lor the 
purification of nitroglycerine to be the most efficient and the safest. 

■ I all la I i • l I 
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*» 1 l 
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me. 

4-|3 : |72| and 4-13.2 13.5 |73| lor stable modification. 
♦ 2 2 |72| and * 1.9 2.2 |73| lor labile modification. 


I V/;». Ktr Pressure ( Vol . 1 1. p. 43 1 

The data on vapour pressure of nitroglycerine were collected by Meyer | '2. 
73 1 as being: 


0.00033 millibar at 20° ( 

0.0097 

0.13 H0 

0.31 1,0 
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Absorption Spectra (Vol. II, p. 45) 

to Ie e ri U /n d n r .°" ‘ hC •‘""‘I ° f a f> mmetr,caJ »»<l symmetrical vibrations is due 
to the rotational tsomerism [4-7|. Also it should be attributed to the fact that 

in^ruTba^ki ta,n d w' h Pnma 'V? d SCCOndary ni,ta,e S'oups which accord- 
“brltionsS S 151 giVedifferem ofasymmetrtc 

Chemical Properties ami Stability (Vol. II. pp.46 -47) 

Thermal decomposition of nitroglycerine (and other similar nitrate esters) has 
heen studte tntensively by Soviet Union authors and .heir work has been des 
ertbed in collective volumes [61. 62) and the monograph by Andreev If, 01 

I 6 ' 6 . af * " C '" J "> conclusions of some of these important works as P ,e- 

atS 7tvn»r Pd,OV 17,1 741 ThCy ««ion of water 

(d! xo , 100 and I 20 C ) and nitric acid (at I00 c ( ) 

n Sh0WS "' e | deC0 " ,posl,lon ° f nitroglycerine m the presence of 
0 03 . either mine aetd o, water o, both, as compared with pure ntrroglycc 
me. The decomposition was recorded by the pressure which developed inside the 
dosed vessel. The strongest action was produced by nitric acid alone. Iessact.se 
as pure water and still less active nitric acid with water. The authors explain tt 
m terms o, different rates of hydrolysis and oxidation reduction processes. 


£ 60C) 
E 


_J 

icoo 


TOCO 


r lirml 


dcramni 01 3 ' nul1 < l u antitv of water and mtru acid (0.3%) on 

decomposition o. nitroglycerine a. IOO b C | 7 4| I N (i * nitric aud 2 Si, * 

nitric acid + water. 3. NG + water (0.3%) 4 pure NC. 


'«^rt ie :,° fni[rjC f d (0 ' 3 -'- 5%) wi,h a charac 

■stages: hC CUrW 0f imposition - Fig 38 It comprtses three 
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? 3 DO 
E 

Q 200 
100 
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FIG. 38. Influence of nitric acid (0.13% and 1.5% UNO,) on decomposition 
of nitroglycerine in the presence of water (74] . 

(a) induction period under constant pressure, 

(b) rapid fall of pressure, due to the reactions between the products of hy- 
drolysis. 

(c) increased pressure due to decomposition and oxidation. 

The practical conclusion drawn by the authors was that moist nitroglycerine 
may become dangerous in storage il it contains traces of acid, for example, from 
insufficient washing. 

Svetlov 1 75) examined the thermal decomposition of pure nitroglycerine in 
the range of 80- I40°C. Two stages have been found. The first is not influenced 
by the products of the reaction. This is followed by the second stage when the 
products of the decomposition greatly influence the rate of the reaction. This is 
presented in I ig. 39. The value of log [spits r is greatly influenced by 6-density 
inside the container of the sample. 


^t 

Q 

$ 


log o 

FIG. 39. Influence of gaseous products from nitroglycerine at density 6 = 
0.03 on its decomposition at 80-1 20°C P51 . 
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Gorbunov and Svetlov [76) confirmed these findings for the temperature 
range 80- 140 C. The energy of activation depends on the range of temperatures: 
at 80-140'C and 100-140°C it was found to be 28 kcal/mol and 32 kcal/mol. 
As previously pointed out (p. 293) the energy of activation isgreatlv influenced 
by _ the temperature range of experiments. Thus Wenograd [77] found value 
E - 21.8 kcal/mol for nitroglycerine at temperatures 300-1000°C. 

Gorbunov and Svetlov [76] also examined the role of water in the decom- 
position of nitroglycerine. Thus water has a very strong influence particularly at 
higher temperatures, whereas nitric acid increases the rate of decomposition at 
lower temperatures. As a consequence Gorbunov [78] determined the solubility 
of water in nitroglycerine at 20-90°C. It varies from 0.26% at 20°C to 0.97% 

(weight %) at I 20°C. The solubility increases when nitroglycerine contains some 
(0.3-0.6%) nitric acid. 

As already reported, Fraser and Paul examined nitrate esters, among them 
nitroglycerine, by mass spectrography [159] . 

Recently Caire-Maurisier and Tranchant [160] examined thermal decom- 
position ol nitroglycerine at 1 10°C using NMR, infra red and mass spectrometry 
and gas chromatography techniques. Mass spectrometry fragmentation suggested 
the formation of such fragments as: N*. NO 4 , NO*, CO + . C0 2 + , CH z O + . 

( H 2 ON() 2 , ( ll 2 -( HO , C HO— ( ll 2 ONO^ and fragments with a nitrite ester 
group, for example CHONO-CH, NO-CH 2 ONO + . CHONO-CH 2 ONO + . 


Sensitivity to Impact 

Bowden and Voile [79. 80] pointed out the role of small trapped gas bubbles 
in the sensitivity of both liquid and solid explosives. The adiabatic compression 
of small trapped gas bubbles creates ‘hot spots’ manifested by high temperature. 
Also friction occurs at the surface of the containing walls, on grit particles or 
between the crystals of explosives and forms an additional factor governing the 
sensitivity of explosives to impact. 

This was confirmed by a number of authors, their work has been collected in 
monographs by Afanasyev and Bobolev [8I| and Dubovik and Bobolev |8’| 
and in Ihe paper by Coley and Field |83] . The collapse of a.r bubbles is shown 
lo lead to an increase of sensitivity of liquid explosives by 

(a) local increase of the deflagration velocity and 

(b) generating a pressure pulse which is capable of produemg hoi spots. 

This explains the data on the high sensitivity to impact of liquid nitroglycer- 
■ne and relatively low sensitivity of solid nitroglycerine (Vol. II. p. 53) 

of the C sh!,ck UbbleS Pr ° dUCe 3 0f mic, °- Munroe i el O'iemed in the direction 


I 
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Burning of Nitroglycerine 

Nitroglycerine burns readily in open vessels under atmospheric pressure. 
When confined it burns more readily under reduced pressure, for example 0.5 
atm. When confined in a tube nitroglycerine burns under atmospheric pressure it 
the diameter is larger than 0.5 mm. The rate of burning at the critical diameter ol 
0.5 cm is 0.14 cm/sec. [60). Andreev and Be/.palov [84] indicated that the criti- 
cal diameter of burning of nitroglycerine under pressure within the range 20- 
100 atm is still reduced. They pointed out that three diameters exist: 

d x - the smallest which allows normal burning. 

d 2 - the largest which allows normal burning, beyond which extinguishing 
can occur due to turbulent phenomena and heat losses, 

t/ 3 - the increase of that diameter gives normal burning. 

Under atmospheric pressure the diameters d x , d : and J 3 are 0.5, 2.6 and 7.5 
mm respectively . 

The increase of viscosity of nitroglycerine by dissolving nitrocellulose reduce 
the ability of nitroglycerine to burn under turbulent conditions and reduces th 
critical diameter. The same author gave critical diameters of: 

fcthylcne glycol dinitratc 1 .0 mm 

DGDN 5 mm 

The ability of nitroglycerine to burn is now being utilized (on a large exper 
mental scale) to improve the burning of ethanol being used as a luel lor ca 
engines in Brasil. A small proportion ( ca 3%) is added to ethanol lor this pu 
pose, so far with a positive result [108] . 

Explosion and Detonation of Nitroglycerine (Vol. II, p. 51) 

Andreev [85] described his experiments on the thermal decomposition i 
nitroglycerine and the possible transformation into an explosion. The decoi 
position is speeded up by the reaction products. The rate of decomposite 
depends very much on the concentration of the products and much less on t! 
temperature, in agreement with former findings of Roginskii (Vol. II. pp. 4" 
4B). . 

Two different rates of detonation of nitroglycerine (explosion and deto 
ation) (Vol. II, pp. 54-55) became the subject of experiments and discussio. 
for example, Taylor [86) , Hauseler [87) and Soviet workers [88, 89] . It has a 
been shown that the reaction front in homogeneous liquid explosives bccon 
distorted under conditions close to failure [9, 91 ] . 

Coley anc Field [83] discussed the LVD (low velocity detonation) in liqi 
explosives. According to the author of the present book the LVD should 
called not the detonation, but the explosion (Vol. II, pp. 54-55). In order i 
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to create confusion the term LVD will be accepted. Coley and Fields |83) 
pointed out that LVD in liquid explosives systems is a stable reaction regime 
readily initiated by shock pressures of a few kilobars with propagation velocity 
of the order of 2000 m/s. The thermodynamic theory of detonation is not appli- 
cable to this regime since the pressures involved are too small for direct shock 
heating of homogeneous explosive to be significant. According to Coley and 
Fields new experiments have shown that the presence of gas or vapour filled 
cavities within the explosive is an essential requirement for initiation and propa- 
gation of LVD [91-95] . 

In liquid explosives bubble size becomes an important factor - this was 
pointed out by Coley and Field [84) small bubbles facilitate the transfer to 
LVD. 

Zimmer [96] came to the conclusion that the I VI) of nitroglycerine (1 500 
1600 m/s) could be manifested by a spiral mode of propagation. (It shoald be 
pointed out that T. Urbariski [97] expressed the view that non hornogereous 
explosive mixtures can show a spiral way of detonation.) According to Zimmer 
the irregularities of the LVD are caused by the interaction of incident and 
reflection waves forming Mach waves under certain conditions. An analogy can 
be drawn between the spiral way of detonation of gas-mixtures [98 102 j and 
spiral way of detonation of solid liquid systems. 

The critical diameter in a steel tube is 24 mm according to Meyer [72. 73] . 

Specifications lor glycerine and nitroglycerine are given in Chapter XI on the 
manufacture of nitroglycerine. 

GLYCEROL DINITRATES (‘DINITROGLYCERINE’) AND DERIVATIVES 

'Dinitroglycerine is a common impurity present in nitroglycerine. Most 
frequently it is glycerol 13-dinitrate. l,2Tsomer is usually present in negligible 
quantity. Krasiejko 1 1 04 ] isolated the dinitrates by TLC and specirometrically 
determined the nitrites obtained by hydrolysis of dinitrate. (The chroma- 
tography of nitroglycerine has been described in a few papers prior to the work 
of Krasiejko [ 105 - 107 ].) 

Glycerol dinitrate docs not currently have a practical application 

Gtycerol-ni trolactate Dinitrate ( V!) f 72. 73 j 

ONO, ONO, 

I I 

( Hj — Cl I — fOOCH, — CM — CHjONO. 


obi*"* ' S an 0Uy substance of densil y 1.47 and ignition temperature I90°C 
ained by the nitration of glycerol mono lactate. It is a good gelatinizer of 

nitrocellulose. 


■ 
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Glycerol 2.4-Dinitrophenylether f VII) and Trinitrophenylether f VIII) 

Dinitrates / 72. 73/ 



vii vm 

n P I24*f " P- 128 S ° C 

Here are some pertinent data on the properties of the substances: 


VII VIII 

Ignition temperature 205-210 C 200-205 C 

Lead block 320 cm 5 420 cm 

Sensitivity to impact 0.8 kpm 0.4 kpm 

Gelatinization of nitrocellulose poor none 


Both compounds VII and VIII can be obtained by the nitration of o-nitro- 
phenylglyccrol ether and phenyl glycerol ether respectively. 

Hexanitrodiphcnylglycerol Mononitrate (IX)/ 7-. 73/ 


so, 



NO, 

IX 


n* p I60-I7S C ( 

The wide range of melting temperatures indicates the decomposition of the 
substance during heating. The substance gives lead block test of 355 cm . It is 
much less sensitive to impact than Vll and VIII due to the presence of only one 
O-nitro group. It was obtained by dissolving glyceryl diphenyl in nitric acid 
followed by mixing the solution with nitric-sulphuric acid. 
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Mixed Esters of Glycerol 

Among esters of glycerol with nitric and organic acids the most important 
appears to be Glycerol Acetate Dinitrate (X) described by Meyer [72, 73] 

ClljONOj 


CHOCOCH 


OI,ONO. 


™ is , is an oU y substance of ***** 1.42 with ignition temperature 170- 
180 C. It gives lead block test 200 cm 3 . It was prepared by nitration of acetyl- 
glycerol with mixed acid rich with nitric acid. 


GLYCOL NITRATES 

Ethylene Glycol Mononitrate (2-Nitratoethanol) (Vol. II. p. 142) 

Glycoi mononitrate has aroused a certain amount of interest. Twist and 
Baughan (109) examined the vapour pressure of the solution of this substance 
and of a number of other nitrate esters, and found the deviations from Raoult 
laws to be of the same order as those observed by Chedm and Vandom for 
nitrocellulose (I 10) . Prior to this work Marans and Zelinski 1 1 I I | prepared a 
number of mixed esters of the type XI where R are unsaturated acyls apt to 
polymerize and thus to give combustible polymers. 


GljONOj 
Ol, OK 


K I) CH,=CHCO 


<H, = CCO 

I 

Oil 


C'll.C 11 = 010) 


They acted on 2-nitratoethanol with chlorides of acrylic (a), methacryUc (b) 

tai ta 0 ThV C H aCi f S *? ,he prcsence of CUp,OUS ch,oride 35 3 My"«ri»«ion 

sen , polymenzaUon was initialed by benzoyl perox.de in mtro- 

«en atmosphere. I. lasted 20 min at I00°C. In the absence of a catalyst polv. 

ageemem 2 ° C ‘ he COUrSe ° f 3 few d3 >’ s - Tl "* <>bse:va„on is in 

Ivse n , W 16 " * reP ° r,ed ^ V °'- “■ P ' 19 ' h3t ni " 3,e eS,erS C3n cala - 
P ° ymenzation reaction, contrary to C-nitro compounds (Chapter IV). 

Ethylene Glycol Dinifrate { 'Nitro glycol ') (Vol. 11. p. 1 42) 

datively less attention is now paid to ethylene glycol dinitrate. It is 
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currently used in mixture with nitroglycerine for low freezing dynamites hut 
some mining explosives, used in countries with harsh winters, contain nitro- 
glycol alone. 

Kondrikov [112] rationalized thermal decomposition of ethylene glycol di- 
nitrate by diagram (13): 


CHjONOj 

CH,0- 


1 

1 +NO, 

U) 

CH,ONO, 

CHjONOj 


CH »°‘ k, 

2CH,0 + NO, 

(b) (13) 

CHjONOj 



CHjO ♦ NO, - 

— NO.CO, CO,.H;0 

<c) 


Fthylcnc glycol dinitrate is more toxic than nitroglycerine because of its 
higher volatility . According to Meyer (72. 73| the maximum permitted concen- 
tration in a work place is 1 .5- 1 .6 mg/m 3 . 

methylene Glycol Dinitrate (Vol. II, p. 149) 

Diethylene glycol dinitratc DGDN has currently become the most impor- 
tant (next to nitroglycerine and nitroglycol) O-nitro compound, much in use in 
‘double base’ propellants The great advantage of DGDN is its relatively low 
sensitivity to impact and subsequently safer handling than nitroglycerine and 
good solubility of nitrocellulose. The disadvantage is in the danger produced by 
spent acid (Vol. II, pp. 152-153). 

Svetlov 1 1 13] examined thermal decomposition of DGDN in the liquid phase 
in the temperature range 60-150°C. lie calculated the energy of activation 
see Table 47 (p. 294). 

Lurge and Svetlov |l 14] examined the decomposition of DGDN in the pre- 
sence of oxygen, NOj and NO, H N0 3 and oxalic acid at 80- 1 20°C and found 
that nitric and oxalic acids can increase the rate of decomposition up to one 
hundred times. Oxygen also increases the rate of decomposition but to a much 
smaller extent. The first stage of the reaction consists in binding oxygen, prob- 
ably due to the formation of peroxides. The latter decompose at a later stage. 

The specification for diethylene glycol for nitration is given in Chapter XI. 

Triethylene Glycol Dinitratc (Vol. II, p. 154) 

This substance was used (together with diethylene glycol dinitrate) in Ger- 
many during World War II for making double base propellants. It is less volatile 
than diglycol dinitrate but more soluble in spent acid (Vol. II, p. 155). 
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The specification for triethylene glycol for nitration is given in Chapter XI. 

Burine-2-diol-l ,4 Dinitrate 


Oj NOCHjC = C CH,0\0, 


XII 

This substance was obtained by T. Urbanski and Taran.owicz (HSl The aim 
o produce an explosive of a greater power considering that the acetyleni- 
bond increases exothermic properties of the substance. In lead block it gavc a 
better performance (385 cm J ) than te.ryl and ethylene glycol mononitrate 

245-38o" C it , v v S ' anCe ° ^ ( " 2 °° C) ' 408 ° n 3 h0 ' P ,a «*- ,ein peratuie 
ld ,o r (l ,! * JVe J v,olen! ^plosion similar lo that of nitroglycerine Below 

245 . evaporated and above 380°C took on a spheroidal shape and burned 

Sir sensi,ive ,o impac ‘ ,han ni,rog,ycerine - 3 ««* •*« 
s r c i^ a ed n ri 2 ,es ' (Abci ,cs,) ai -- 

The diol dinitrate (XII) was obtained in a standard way by nitrating i„ ,| IC 
acid mixture composed of 40% nitric and 60% sulphuric acid at 18 22°C The 
yield was 70-75% of the theoretical. 
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With regard to the nitration of alcohols attention should be drawn to the 
work of Eremenko (140) who pointed out the role of undissociated nitric acid 
in the 0-nitration mechanism. 


Methyl Nitrate (Vol. II, p. 160) 

Some properties of methyl nitrate, such as the thermal decomposition and 
explosive properties are given in Vol. II. Some additional data are given by 


Meyer [72. 73): 

boiling point 65°C 

density 1.2 1 7 

heat of explosion 1462 keal/kg 

volume of gases 873 1/kg 

critical diameter in a steel tube 1 8 mm 


Methyl nitrate was found to be present in the products of the decomposition 
of azomcthanc (CH,-N=N-CH,) when the latter substance was subjected to 
ultraviolet irradiation 1 1 1 6) . This was due to an intermediate formation of 
CM,Oj radical which reacted with NO to yield the nitrate ester: 

<■*1*0* * N() NO, -til, ONO,. (15) 


NITRATT ESTERS OF MONOHYDROXYLIC ALC OHOLS 
(V»l. II, p. 160) 

am,rr a ,i7 in in, T' " Ura " cs,e,s of m °nohydro*ylic alcohols lies in .heir 

eEn ^ “ examined K H \ nT"* ' ' he ' mal decom P° si ‘i°" of nure.e 
Ihnrl V Kondnkov [1| 2 | gavc the following diagram (14) of .he 

thermal decomposition ol nitrate esters of a general formula RCH 2 0\0 2 


RCHjONO, — » RCII,0 4- NO, 
RCHjO — R+CH,0 
CM, O + NO, — - NO.CO.CO,.H,0 
RCH,0 + NO — - RCH, ONO 
RCH,0 + NO — - RCHO + NOH 
2NOH — ► N,0 + H,0 


(a) 

lb) 

(c) 

Id) 

<e) 

(f) 


(14) 


of p A a-t W uUr h „" rat"s“rs f 'h"™' deC ° mpOSi,ion 3re * ive " ™< h ' h ' description 

en e^Lmme m rT i w a,e eS ’ e ' S *7 C ° l0U ' re3C, ‘ on wilh 'e-amethvl.p.phenyl. 
day, * 10 WUrS ' er C3, ‘ 0n [I3 - 15 ’ 22a]. The colour remains fo, several 


Ethyl Nitrate (C^HiONOi) (Vol. II, p. 163) 

Ethyl nitrate is currently an important component of liquid rocket fuel. In 
that respect considerable work is being done to elucidate the mechanism ol 
thermal decomposition by Pollard, II. S. Marshall and Pedlcr [ 151 1 . Some frag- 
ments of their mechanism arc as follows (16): 


( ,11, ONO, 
C,H,0* — 
C,H»0* — 


-C,ll,0- * NO, 

CHjCHO + II 
HCHO + CH,\ etc. 


116) 


Considering the formation of 3 number of simple molecules and tree radicals, 
such as CHj*. CHjO\ NO, N0 2 ,C0, C0 2 several less defined reactions can take 
place, for example, the formation of nitrite esters [2] : 


CjHj 0- + NO — -C,H,ONO. 
Cli; + 0 — -Cll,0-. 

01,0+ NO — -CHjONO.ctc. 


(17 


Nitrite esters are marked by their relatively low stability (p. 318). 

Meyer [72, 73] gives some additional data on the properties of ethyl nitrate: 

— 102°C 


melting point 
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heal of explosion 
volume of gases 
lead block test 


9 1 3 kcal/kg 
1 227 |/kg 
420 cm 3 


For the activation energy sec Table 47. 

The preparation of ethyl nitrate follows the same rule as that of methyl 
p , 62) n,lr ‘ C aC ' d Sh0U ' d be free of fumes by adding urea (Vol. I. 

n-Propyl Nitrate (Vol. II, p. 165) 

to h ^ f0Und an appllCation 35 a liquid fuel in rockets according 

stance ' Same S ° UrCe gim da ' 3 ° n ,hf P ro f ,cr ' i « ° f sub 


Iso-Propyl Nitrate (Vol. II. p. |65) 


CM,, 


( 11 ONO. 


XIII 

P.o'nvImZr'n P ° imCd 0,, '„ a P,aC ' iCal a PP l,Ca " on has he '" found for iso- 
Amado r , W “ 7?' 11171 "’ al ,hc ^'huance could onl> 

Yield mainT P '° P !' ,od,dc antl silver ""rate Direct nitration was found to 

However a pr^of , "' C OXida “° n ° f ,hc Secandar > a «cohol,c group, 
of Ur'' , ' . co " l,nui)us nitration of iso-propyl alcohol in .he presence 

Propyl atoh , T" * ' mperial Chcmical lndu s..ies patents (36). rso- 
pyl alcoho! and urea were introduced into nitric acid (over 407, UNO 1 

? ,n T ,P,r r ' C J " d a CUr ' Cn ' ° fail st '"‘' d a " d removed unstable pro 

,i,[ ”■ *«• «- 

H^o Propyl nitrate is in use as an engine starter fuel [1 19) and for rockets 

a < 'IZeTZZtl “ 201 eXami " ed ' he d ' C ° m P^°" a '- -P-Py .nitrate 
1-r.H.ONO, I 5 CO 4 o.s CO, * CM. + H, + 0 5 ll a O + 05 N, ( | 8 a) 

2 h d«omposT,in ff r' ~ A " = ?■ 86 kCa,/m01 - Gt W l 1 2. | also examined 

In the absence" of n “T" n " ra ‘ e 3 ‘ C ' CVa,ed ,em P e ' aIU ™ (290 I380'C). 

bscn L c of oxygen the reaction can be depicted by equations: 


i-C,n,o\o 
i- C,ll 7 0- - 
ch; ♦ so. . 


— I- C, I I.O- ♦ NO, 
•Cli; + Cl 1,0 10 
►Cl I, NO,. 


(18b) 
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Acetaldehyde, nitrogen dioxide and nitromethane are main products of the 
decomposition. In the presence of oxygen methyl radicals yield formaldehyde. 
Acetaldehyde is very reactive and by abstraction of hydrogen yields acetyl 
which is the principal source of CO and C0 2 : 


Cl I, CO — -CII,* + CO 

Cl I, CO + N'Oj — ► Cli; ♦ CO, + NO 


(19) 


POLYHYDROXYLIC ALCOHOL ESTERS (Vol. II. p. 166) 

Butane-1 ,2.4 trial Tnmirate (Vol. II, p. 166) 

Meyer [72, 73) gave some data on the properties of the substance, such as 

freezing point — 27°C 


density 

oxygen balance 
heat of explosion 


1.52 

-16.6% 

1420-1470 kcal/kg. 


1 ,2,4-Butanetriol is nitrated to trinitrate with a nitric sulphuric acid mixture. 
The nitrated product shows good stability. It is less volatile than nitroglycerine 
and according to Meyer is in use lor tropic-proof double base powder. 


F.rythrito! Terranitrate. Fry thro! Tctranitratc (Vol. II, p. 100) 

Meyer (72, 73) gives some data: 

melting point 61.5°C 

deflagation point 154 I60°( with a violent explosion 

density 1.6 

heat of explosion 1443 kcal/kg 

volume of gases 704 1/kg. 

It has an intense magenta colour with tetramcthyl-/>-phcnylcnc-diamine due 
to Wurster cation ( 1 3— 1 7| . 


Pen tito! Pen tani t rates ( Vol . II. p. 168) 

D-Xylitol pentanitrate with tetrainethyl-p phenylene-diarninc (TMPD)givesa 
blue colour due to the formation of Wurster cation after which another charge 
transfer complex is formed by 2 moles of xylitol pentanitrate and I mole of 
TMPD dication formed from Wurster cation (13-17). 

D-Mannitol Pentanitrate (Vol. II, p. 170) 

D-Mannitol l,2,3,5,6-pentanitrate (m.p. 81-82°C) is prepared by heating 
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hexanitrate of mannitol with pyridine f ? 201 nemt**n* 

.ion of nitrogen dioxide. D-Mannitol pen, an!, rate 'ht' 

same way as D-Xylitol pentanitrate f nrmSl ,„ u IMPD,n much the 

moles of mannitol pentan.trate and I mole of the dicVL'n^" C ° mP ' eX 2 
D-Mannirol Hexaniirate (Vol. II, p. 168 ) 

S “ 2;' o " 231 or »™— > » »»- 

"»r h h °“ ,hi ^ -•sr-issr — — • 

~d *. .nSiS-ir ' ra ™" , " r 


III /. 


m 


/ \ 


400 600 600 ™ boo 

A (rvn) 

" a "^xxssss, i=k - 


z i ■ — "™ » «■>» w.™. 

he «ni,ra,e and ,1,1 of Turn T” r'^ U °'" ' of 
° f «"• disproportionation between JZjrLt^ THpT “ ^ 
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1 c, V r "' 

1 

CM, CM, 
N \\r 

— 0 • 


T 

/. N .\ 

T 

in, (ii, 

til, oi, 


120) 


The stereochemistry of the complex is rationalized by diagram V (p. 285). 

It was suggested that a six-member chain of mannitol hexanitrate was coiled 
into a pseudo-ting. It is not surprising if one considers that long chain organic 
substances in solution have a tendency to be coiled. This is based on thermo- 
dynamical analysis, dipole measurements etc. 1 1 24) . 

Luryc and Svetlov [125) examined the thermal decomposition of mannitol 
hexanitrate in the temperature range 80 I40°C. They came to the conclusion 
that the decomposition o: molten hexanitrate occurred in two (at least) stages. 
The first stage is manifested by splitting off nitrogen dioxide. This stage follows 
the equation of Arrhenius (Table 47). After that secondary reactions occur 
mainly of oxidation accompanied by hydrolysis with formed water. 

Mass spectrometry showed the decomposition occurs according to XIV [159| 


(I, NO < II. 

?(. 

XIV 

Meyer [72. 73) gives some data on the explosive properties of I)-mannitol 
hexanitrate: 

heat of detonation 1420 keal/kg 

volume of gases 694 l/kg 

deflagration point 185°C 

Dulcirol ( D- or - L-galactitoI) Hexanitrate and D Sorbitol hexanitrate 
(Vol. II. pp. 171. 172) 

Both substances can be obtained with 85 and 94% yield respectively by 
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s?,sr d '“ w, ‘" ~ m n, °- " p °““ ,, ” i " p — .. 

PENTAERYTHR.TOL TETRANITRATE (PETN) «Vol. p. , 75) 

73 Some new data on ,he properties of PETN have been reported by Meyer (72 


melting enthalpy 36 .4 kcal/kg 

specific heat 0 .26 kcal/kg 

denstty ,. 76 * 

certain purposes ticnsits whkh can be used for 



~ ;r,“ ;i; ar - - ‘ — d , ::: 

«. "«"*“* »" - - *.<* or Kn ky 

=2—======,; 

2-5r c ? r pure reTN " 

(Table 49). ° ^ 3 ' able ° f ,he solubilil > of PETN in some solvents 

('•820-30 inCre3S “ by keeping ,bern 31 90 - ' 20°C for several hours 

'-ySri^T'SpEHNrtnd 5 in W 'J *”* ^ *" SP °' S ° f hexani,la,e of dipen to- 

a t" 0 ^ SSoI WnS. €,SeS 0C,0 " i,rate ° f —>^'.o, 

as a " “cetonesolution SoctE'ff* 23 '^" '° * dd 3 pr0 ' ec,ivt col,oid *“<* 

ot nitrocellulose (low viscosity grade collodium cotton) 
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TABLl 49. Solubility of PETN in wt.% according to Duncan (1 2b] 


Solvent 

0 

20 

Temperature °C 
25 30 40 

50 

60 

Methanol 


0.46 


1.15 


2.60 

Chloroform 


0.09 





Carbon tetrachloride 


0.0% 

0.108 

0.1 18 

0.121 


1 ,2-Dichlorocthane 


1.5 

4.1 

1 1.2 


14.2 

1 , 1 ,2,2-Tctrachloroelhanc 


0.18 

0.27 

040 

0.58 


2-Methyl- 1 -propanol 

0.07 

0.195 


0.415 

1.205 

Nitromcthanc 

3.34 


8.89 



Ethyl acetate 


13.0 

17.0 

22.0 

31.0 


(3-Ethoxyethyl acetate 


15 

4.1 

7.6 

11.2 

14.2 


PETN was examined by mass-spectroscopy 1 1 28| electron impact gave two 
fragments 76 and 46. 

Field ionization fragments: 194, 76, 74 are depicted by scheme XIV, 


Thermodynamic Prr>pcrtics and Thermal Decomposition of PETN 

Dinegar and Stammler (129) determined enthalpies connected with the vola- 
tility of PETN. The enthalpies of sublimation and of vapourization were: 

35 t 3 keal/mol and 

19 ± 2 keal/mol respectively. 

A considerable number of papers have been dedicated to the thermal decom- 
position 0 : PETN. They were reviewed by Andreev |71| . He quoted the work of 
Robertson 1 130) w ho examined the decomposition of PETN in the temperature 
range: 161-233°C. the energy of activation was 

E = 47 keal/mol, log B = 19.8. 

For a 5% solution of PETN in dicyclohexylphthalate at 171 238°C the 
values of E and B were: 

E = 39.5 keal/mol, log B = 16.1. 

Robertson analysed gaseous products while keeping PETN for 2 min at 
210T. He found (in mol %): 0.51 N0 2 ,2.11 NO, 0.42 N 2 O, 0.07 N 2 , 0.09 ll 2 , 
0.93 CO, 0.28 C0 2 and formaldehyde and water. 

He suggests that the first stage of the decomposition of PETN consists in 
splitting off NO, , after which — CH 2 O is removed as formaldehyde. 


Adiff ,„ , .tUIMlUHii Of tXPLOSIVES 

T. Urbariski [131-7™ ‘°' fle dermal decomposition of PfcTN was 

■He temperature^ '* 

for nilroglycerine. 8 ’ ch ,he sanie as in Vol. |, Fig )3 _ * 5( J 


I 50 


500 


600 


7CO 


800 


c o-p»„ ds , 0 sphcoi^,' cu - ■ 

Curve li g,ves the induct pt,i ° d/,cn, P cra 'ure below 350’C 

S lape 17,8 ac <ivation energy was fouL .o £ n,0 "' n “ b — « «« spheroid 

w . f : “aat£ 5 =i*ss 

oracivafi:: is 7 ? i n ; 0 h : as- - ««»•<■ «.««*. Ihe energy 

crease of temperature. > ,c cner *> decreases with the in 

I « « ■ «" - — — 

|— ■. '« pti'r t:,;r£E 

Hr’ < ] > 36.5-37.4 cal/g 

(2) 36.5— 37.7 cal/g 
SH^' (3) 31.7-33.2 cal/g 


NITRATE ESTERS (0-NITRO COMPOUNDS) 3 13 

Differences in heat of fusion was attributed to the lattice energy changes 
resulting from random inclusions within the lattice 


Explosive Properties 

An interesting finding was made by Institut Franco-AUemand de Recherches 

de St. Louts 1 166| that the rate of detonation of PETN takes different values 
along different crystal axis 

(001) 8424 m/s 
(1 10) 8887 in/s. 

T. Urbanski and Galas [137, 138] examined Ihe rate of detonation of PFTN 

' VJr,OU ' l,qu,ds - Thc resul,s w »*>« two liquids which do not dissolve PFTN 
water and glycerol are given in Table 50. The general trend of the change of the 
observed rate of detonation with the addition of a liquid is given in Fig. 42. 

TABU 50. Detonation of Pi T.«J with water and glycerol (137-1381 in rube, 20/26 , nm 

diameter. th-ioinuor No. 8 with 10 g PI TN 


IX’IIMlv 


1‘iopuftioii 

of liquid 


Water 

« 

5 

10 

20 

30 

Glycerol 

5 

10 

30 

35 


loial 


Kate of detonation 

m/s 

observed ut density 

*'o p, 

V, 


Difference 


1.45 
1.45 
145 
I 45 
I 44 


I 40 
140 
1.45 
1.4 5 


I 45 
1.38 
1.31 
1.16 
I -01 


1.33 
1.26 
1.02 
0 94 


7275 

7250 

7445 

7130 

664 5 


7350 

7355 

7675 

7280 


7275 

7055 

6810 

6250 

5530 


6880 

6080 

5620 

5230 


425 

1745 

3055 

2050 


the^Z'f T° f n e,0na,10n of ,hc ex P' osivc "»‘h 'he liquid was V Q and 
( density of h/ V' ^V^'" 8 8 hquid and kee P i "g «>* same total density 
Wldch a, h , mUt,Ure) ' ,C ,CJ| dcmi,y 0f ,he -P'osivc was lowered to p, 
mS , • f VeS 2 '. a ' C Ofde, ° na,ion H «"“ Vo*, is the increase 

XIM fTable ir * 8 ' h ' liquid ' ™ s ,s ^ discussed in Chapter 

tivifyTpbN 0 ^ 1 "' " 0r, °K a " d j0hnS0 " 11451 CXamined ,he shock sensi- 
! * , LTN and came t0 lhe conclusion that the nature of the gas in a small 

"ve\r*l inflUe r ,h K e Sem ' tiVi,y ° f PtTN - "» He. At. ^ and CO, 
^ sitizing cf.ect, whereas oxygen sensitized the compressed charges. 
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V [ m/s) 



FIG. 42. 


Ra,c of detonation of systems high explosive 
liquid, eg. PI TN or RDX and *atcr or glycerin 


nor.-cxplosivc 


Nitration of Pentaerythritol (Vo|. II, p. 185) 

It IS known that the nitration of pentaerythritol on an industrial scale is 
carried out mostly with nitric acid alone, without sulphuric acid. Therefore it 
was necessary to establish the solubility of PETN in nitric acid of different con- 

M u o moT h 'o' ,e, " pCra " ,r “ SUC “ da,a by Camera and 

v r.,i rl a,C ? UCC , ,ed in Tab,c 51 • Tht ' sa ""-- lu, bo,s established the 
solubility of dipentacrylhntol hexanitrate (Vol. II. p. 195) - Table 52. 


TABLE 5 1 Solubility of PETN in nitric acid 1 1 391 in g of the substance 

in 1 00 g of the solution 


% UNO, 

0 

10 

Temperature °C 
20 30 

40 

50 

60 

65 

70 

75 

80 

85 

90 

95 

0.018 
0.036 
0.075 
0069 
0 106 
0.190 

0.441 

1.060 

0.041 

0.113 

0.134 

0.124 

0.195 

0.329 

0.762 

1.825 

0.109 

n.322 

0.302 

0.265 

0.335 

0.585 

1.318 

3.023 

0.352 
0.778 
0.845 
0.557 
0.650 
1.056 
2.314 
4 8 22 

0.645 
1.020 
1 570 
1 340 
1.291 
1 957 
4.036 
8.090 

0 880 
1.300 
2.240 
2.650 
2.775 
3.849 
7.156 
12.609 


SUlnh,!*? ?■ T 6 ' S " iaI '" eth ° dS arC 5,iU USin « mix,u '“ ° f """C and 
in whirh T an ,mp0rtan ' pa P" b y hremenko |I40| has been published 

mixtu P 8IV r S “ analySiS ° f " ,e ,0le ° r nilric acid in niriic-sulphuric acid 
,hri,o n„“ a . PPh f d '° ' hC °- ni,,a,i0ft of alcoho,s in and of pen.aery- 

workers I R A f? * C "' iCal " f W °' k ° f ln *° ld 3nd 
actions 41 ’ 4 ‘ 3nd hc ‘ r su 8S esled mechanism of O-nitration based on re- 


TABLE 52. Solubility of DiPEHN in nitric acid ( 1 391 in e of the substance 

in 100 g of the solution 


%HNO; 

0 

Temperature °C 
10 

20 

60 

0.024 

0.064 

0.222 

65 

0.080 

0.246 

1 099 

70 

0.271 

0.530 

1 455 

75 

0.526 

0.926 

2 309 

80 

1.358 

2.693 

5.798 

85 

4.674 

7.91 1 

18 23 

90 

18.26 

26.17 

38.02 

95 

30.51 

46.43 

54.64 


MiNOf NO* * 11,0 (a) 

NO, 4 * KOI I ^ KOI I* NO* ill) (21 ) 

KOI l-M),* 4 NO," ► ROM), + UNO,. (c) 


Eremenko questioned this trend of the reactions particularly in view of the 
facts described in Chapter I that nitric acid still possessed the nitrating ability 
a: a concentration where the presence of NO* ions are excluded. With regards 


to O-nitration this was described by T. I rbanski and llackel (1431. By nitrating 
pentaerythritol and some ,, 0 labelled alcohols, Eremenko came to the con- 
clusion that molecular, undissociated electrolytically nitric acid can be an agent 
for O-mtrating alcohols. Me depicted this in diagram Fig. 43 (in weight per 
cents) referred to O-nitration of pentaerythritol. 

A summary of his conclusions, based on the analysis of the curves, is given 
here: region I limits the composition of the nitrating mixtures which transform 



MG. 43. Regions ol the formation of pentaerythritol tetranurate by nitrating 

mixture 11441. 
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of^u^nh!"'** 01 -T PETN WUh 94 ' 98% yidd wilhouI «* ^-nation of ester, 

h P h h r 7 a ? i ntermedia,es ln ' e &' on II 'he formation of PETN aoes 
th ough .he acid sulphates. In tetranitrate is fonned on|y in ,0.50% 4dd 

W, ' h Sldc reac,10n of oxidation accompanied by violem evolution of nitrogen 
oxides. In region IV 0-nitration does noi occur. 8 

A LC curve shows the limit of the detection of N0 2 + ions and the small 

NO+ n 11441a fv7 e , C , D Sh ° WS ' he C ° mple ' e diiSocia,i °" of nl,ric acid into 
NO, 1144] and Vol. I, Mg. 9. p. 25 (in mol %) One can see that -pure’ O- 

imratio" can occur ,n region I which is beyond .he detectable N 0 / concen- 
Eventually Eremenko suggested the scheme of O-nitration (22) 


Ron* ♦ mono, — 

Roll.* • MONO, — 

KOI lj* MONO, 

H 

KO . I NO, 

X \tK 


KOH. 4 * NO, 

KOI I* • MONO, 

KO . ||. o 

NO. 



U. 


•VN 


— KONO- • UNO, , av 


UNO, * 11.0 « HjCJ • UNO, 


ij\t 


(a) 

(b) 

lc) 


Id) 


(e> 


( 22 ) 


I roof ol the accuracy ol the scheme is also in the observed fact that the oxv 

• - - — —« • 


MIXE0 PENTAERYTHRITOL ANDCLYCEROL ESTERS (Vol II p . ,9, , 

e«.S,! """' bC ' °, fp T e , rS and Pil,Cn,S l,ave a PP* arcd which describe mixed 
contain! , P y ' ° glyce ' 01 lias beer, paid .0 esie.s 

to nr, " nC 8,l ’ UP f a " l "“ a,Ura,Cd aeid «*'' “ acrylic o, melhacrvli. acid 
•ha n jevin “i CS,C ' ' C ° Uld P0lyme,j,c Tlle aim is (in add.,,,.,, ,„ 

? U, P l9,): *° P roduc * combustible synthetic 
" • s< CJ P ab,e ol bc,, »£ used as rocket propellants 

Mtxed ethylene glycol estets have already been described (XI) 

,”“ d " ,ra - r si! ™ 1 - j wm*** „ 


yijONO, 

9«oav, 


O.NOTH^ ^(lljONO. 

/\ 

0;NO(ll ; (II.OAc, 

XVI 


O.NOCH^ 

(■ 

AcrOCII, CII.ONO, 

XVII 


NITRATE ESTERS (0-NITRO COMPOUNDS) 3 I 7 

That will be mentioned in Chapter XXII dedicated to solid rocket propellants. 
An interesting reaction of pcntacrythritol dinitrate (PEDN) was reported 
by Matuszko and Chang [ 1 47 ] . It consists in reacting PEDN with cyan u re chlor- 
ide: 


i ' 


VS \ll l < 


ill 



I) N 


/ \ 

\\ JT' 

O N " 


<231 

^ yiljONO; 

I 




The reaction can serve as an analytical method of detecting PEDN 


METHOD Of PREPARATION OF PETriN and PEDN 
(according to |I4H) and 1 149) ) 

Pentaerythritol (.SO g) was dissolved at 5 C in a <«. 6 times larger (plant ity of 
sulphuric acid (67%). Cll 2 ("l 2 (at. 50 parts) was added followed by the addition 
of the nitrating mixture composed of sulphuric acid (98 '/> ) (72 g) and nitric acid 
(96%) (232 gl at 5°C After mixing for 75 min. water (1000 cm' ) was added. 
I he organic phase was neutrali/ed with 1 09P NallCO,. evaporated to dryness 
and the solid was extracted with ether to eliminate IT TN which was not dis- 
solved. 

The solution was cooled to — 60 3 C to eliminate the precipitated impurity. On 
evaporation the trinitrate PI TriN 1 40 g) resulted. It contained some PI TN 
and PEDN and was purified while removing PEDN by dissolving it in water. 

The part insoluble in water was crystallized from ( I l 2 ( 1 2 - f inally pure 
PETriN was obtained by distillation under reduced pressure. Undei I mull Ig a 
fraction of 155 160 T was collected. Precaution should be taken: it can ex- 
plode at 1 75°C. It has m.p. 27 28°( (Vol. II, p. 194). 

The aqueous solution was evaporated to dryness and furnished PEDN. 

Camera 1 1 49) draws attention to the fact that PETN in spent acid is readily 
subjected to hydrolysis leading to the formation of tri- and dinitrate of penta- 
erythritol at different temperatures (20 and 40°f)and concentration of nitric 
acid (70-90%). 

He calculated the constants of equilibria: 

i PE-TRiN] [HNOj ] 

(PETN] | H; O | 1 

tre-MM l"NQ»] =K 

IPE-TriN] [II, O] 2 

The values of K, and K, are given in Table 53. 
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TABLE 53 


Concentration 

K| 



Ki 

%hno 3 

20 C 

40 C C 

20°C 

"3 _ 

40 C 

70 % 

0.996 

1.362 

0.608 

0.726 

80% 

0.873 

1.395 

0.606 

0.721 

90% 

0 950 

1.396 

0.749 

0.838 


The solubility of PETriN and PEDN in nitric acid of different concentrations 
is given in Table 54. 

I ABLE 54. Solubility of tri and dini’ratcs of pentaerythritol 
according to Camera 1 1491 


Concentration 
% II NO i 


Temperature °C 


PITri N 

0032 

0.099 

0.094 

0.085 

0.103 

0.160 

0.283 

0.376 


PIDN 

0.040 

0.102 

0.0^9 

0.054 

0.049 

0.054 

0.060 

0.038 


PITri N 

0.179 

0.309 

0.511 

0456 
0 441 

0 629 

1 081 

I 344 


PI l)N 

0.265 
0 370 
0 486 
0 337 
0 245 
0.246 
0.267 
0.157 



Ml KITE ESTERS (O-NITROSO COMPOUNDS) 

Nitrite esters (O-nitroso compounds) arc usually not discussed as explosives 

,Cy arc rc,a,ivel > unslab,e compounds but may possess some significance as 
products of the decomposition of 0-nitro compounds according to Gray 1 1 501 
and Pollard ct al. [151]. 

( hemicaj and physico-chemical properties of O-nitroso compounds have been 
extensively studied by Steacie since 1934 [152] and described in a monograph 

An important work on the chemical stability and decomposition of ethylene 

nitrite and glycerol trinitrite was done by Kondrikov [154]. Their activation 
energies were found to be: 

at 170-190°C, E = 35.6 kcal/mol. log B = 13.8 
an at 143-160 a C, E = 41.6 kcal/mol, log B = 17.8 respectively. 

The decompositions of the former can be depicted by diagram: 

OI.ONO 

— -201,0 +2NO. P4\ 

Ol, ONO ' ' 
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ESTERS OF OXY-ACIDS OF CHLORINE (Vol. II, p. 447) 

Esters of oxy-acids of chlorine have not received any practical application 
owing to their very* high sensitivity to impact and friction, but they are interest- 
ing from a theoretical point of view. 

A few papers have appeared on the use of alkyl perchlorates, especially 
methyl perchlorate as alkylating (particularly methylating) agents ( 162] . Kevill 
er al. [163] established that methyl perchlorate in acetonitrile is a much weaker 
methylating agent than for example trifiuoromethanesulphonate. 


Geminai Diperchlorates 

Baum [164] obtained geminai diperchlorates by reacting carbonyl com- 
pounds with perchloric acid in halogenated hydrocarbons; for example acetone 
and perchloric acid in chloroform yielded an oily product within a few minutes. 
This was 2.2-diperchloratopropane <CI l» )a C (OCIOs^. It enn be distilled: 
b.p. 52°C/0.1 mmllg. 

It is very hygroscopic. Differential thermal analysis shows one exotherm peak 
at 159°C and second at 202°C which ended in an explosion at 250 °C. 
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APPENDIX 


VOX IDES (N *0) 

An attention was recently drawn to explosive properties of N-oxides: N-hydroxyimi- 
da/ole N-oxidc (m.p, 183°) and its Vmcthoxy derivative (11. The earlier finding (21 also 
reported that a care should De taken when purifying N-oxides by distillation. Thus low mol- 
ecular weight N-oxidcs should be considered as possessing explosive properties. 
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CHAPTER 11 

PRODUCTION OF NITRATE ESTERS 

(Vol. II, pp. 62-125. 185) 


NITROGLYCERINE (NG) 

No fundamental progress on methods of the manufacture of NG can be re- 
corded The main efforts have beer, concentrated on the problem of increasing 
the safety of the processes by using perfect automation with remote control 
devices, avoiding immediate contact between personnel and dangerous parts of 
the process and the reduction of the quantity of explosive in the working place 
All these requirements can be achieved with continuous methods, allhough 
batch processes are still in use. 

Continuous and semi-continuous methods arc as described in Vol II: 

(1) Schmid (p. 99), 

(2) Schmid-Meissner (p. 104), 

(3) Raczyriski (p. 106). 

(4) Biazzi (p. 107), 

(5) N.A.B. Injector Process (A. B Gyttorp)(p. 1 U). 

(6) Semi-continuous method of Jarck (p. 1 20). 

Of the above methods 1. 2. 4 and 5 have been widely used in many countries. 
A novel method (7) has been described and is known as. 

(7) Hercules Tubular Nitrator described by McKinney (|l and in Encyda - 
Pcdia of Explosives [2) . 

Hercules Tubular Process 

This description is based on that given in the Encyclopedia [2]. A continuous 
ream of glycerine flows through a tubular path to a tubular reaction zone 
un ei \ lt . mSCtS a slream of P rec °oled nitrating acid. The tubular reaction zone is 
,he lem P era,ure is controlled by regulating the temperature of pre- 
able nitnC 3Cld 3nd alS ° thC pr °P° rlion of nilia,ic acid to glycerine. It is del- 
ation °r C L 01 ,hC miXlUre ° f nitrale esler and s P enl acid t0 facilitate the separ- 
ai, on 0 fthe nitrated product. 

throuei dl3gram of the s y s,em is Presented in Fig. 44. Nitrating acid passes 
Pump 1 to the cooler, and valves 2 to 6 and meets glycerine in the 
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FIG. 44 Hercules Co. tubular mirator of glyccrnc (21 


6 

AckI ( ♦——tf— Glycerine 

MG 45 T lube for nitration of glycerine (Hercules Co.) [21 . 

counter current which enters through valve 3, pump 4 and valve 5 to the same 
place 6. 

Nitration starts in 6 and continues in the tubular nitrator before entering the 
cooler and finally the separator. Valve 5 is a quick opening by-pass valve. In the 
case of an emergency valve 5 is turned to stop the flow of glycerine to the 
nitrator 6 switching through 7 to the glycerine container. 

Figure 45 shows a diagram of the ‘mixing tee’ 6. 

The nitrating acid in the Hercules Tubular Process is composed of 18-40% 
HNOj, 45-70% H 2 S0 4 and 11-17% H 2 0. The preferred acid to glycerine ratio 
is 10-12 parts of acid per one part of glycerine. 
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Stow [3] improved the method by introducing a centrifugal separator of 
nitroglycerine from the spent acid. 

The method can be used to both: nitration of glycerine, glycerine— ethylene 
glycerol mixture, diethyleneglycol or ethylene glycol. 

Biazzi Process (Vol. II, p. 107) 

The detailed description of the process given in Vol. II remains valid with a 
few additions described by Biasutti [4] . Figures 48 and 49 (Vol. II, pp. 108, 
111) are still valid, and the main points which introduce some additional, novel 
information are given here. 

Mixed acid and glycerine are stored externally in separate tanks and are trans- 
ferred by means of centrifugal and gear pumps to small feed tanks From the 
feed tanks the reactants are sent to the nitrator by means of two positive dis- 
placement pumps driven by the same electric motor. Two speed variators allow 
change in the total flow rate as well 3s the ratio between acid and glycerine. Tire 
glycerine feed pipe in the nitrator, fitted with a multi-nozzle distributing head is 



retractable and can only be extended if all safety conditions are fulfilled. The 
feed arrangements are such that the acid and glycerine are quickly submerged, 
emulsified and forced down the nitrator through the central space formed by the 
cooling coils. Part of the emulsion overflows into the separator and part returns 
to the vortex in the nitrator fluid. Cooling is achieved by sodium nitrate brine 
circulating through helical coils. The reaction temperature is kept constant by 
thermostatic control of the brine valve. 

The intensity of mixing in the nitiator by the turbine is such that the emul- 
sion of nitroglycerine in the acid cannot be initiated by a No. 8 blasting cap. The 
turbine is driven by V-belts of a motor mounted in a room separated from the 
nitration unit by a partition wall. 

The bottom of the nitrator is provided with a quick opening Hap valve placed 
considerably off the axis which can be operated manually or pneumatically for 
quick draining of the contents into a large tank full of water. 

Control of the Nitration 

The emulsion overflowing from the nitrator enters the separator through a 
short section of pipe in which a special electrode is fitted for the measurement 
of the Redox-potential of the spent acid against a reference sample of mixed 
acid. Ihe Redox-potential of the spent acid has a direct relation to the UNO, 
and HN0 2 content in this acid composed of IINOj IIN0 2 H a O and can serve 
as a control on the extent that nitration follows the normal course without too 
many oxidation reactions and deviations from the normal course. It was first 
introduced by Oilman in 1938 |5] . He applied the method for the control of the 
nitration of glycerine |6-8) . glycol and similar compounds |9) and eventually 
to the nitration of aromatic hydrocarbons [10]. More recently the method was 
extended by Camera (II) to the control of the nitration of pcntaerythritol. 
Sec also a general description by Biasutti [12]. 

The Redox-potential of the system (1) 


UNO, * 2M + — UNO, + 

H,0 

(1) 

can be expressed by equation (at 20 c C): 




[H + 1 J 
|HjOJ ' 

(2) 


where e Q is the potential of the standard electrode. Considering that HN0 2 is 
relatively small and HNO s is constant at 20° C a simplified equation (3) can be 
used [13]: 

eOc Q = 0.0291 log [HN0 2 ]. (3) 

The reference sample [11] is composed of 

I1 2 S0 4 


i 


49.1% 
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HNO 3 48.3% 

HNOj 0.3% 

HjO 2.3%. 

Nitrous acid is introduced into this solution in the form of NaNOj . 

By recording the value of e in mV the operator can see whether the trend of 
the reaction is normal. If the value of e deviates too much from normal, the 
nitration should be stopped by cutting the inflow of glycerine and. if necessary, 
the inflow of the mixed acid. 

The following are some values of e in -mV given by Camera 1 1 1 1 : 

TABLE 55. Value* of t in mV 


% HNOj 

0.01 

% HNOj 




0.1 

0.5 

0 8 

90 

164 

192 

208 

222 

8(1 

282 

306 

325 

332 

70 

366 

394 

410 

417 


I he permissible values ol e should be established by experiments. 

Separation of NG from the Spent Acid 

I rorn the tangential separator NG flows to the washing vessels and then to 3 
storage tank. The spent acid flows from the base of the separator to its storage 
tank through a variable overlow valve by means of which the height of the nitro- 
glycerine-spent acid interface may be controlled. This adjustment is effected 
automatically through a float on the spent acid layei m the separator. A small 
amount oi water is added to the overflowing spent acid to avoid further separ- 
ation of NG as in the system of Nathan et al. (Vol. II. p. 95). 

Alkaline Washing of NG 

Sodium carbonate solution is introduced to the first washing vessel by grav- 
»ty. The automatic feed control is obtained by means of a pll-meter with its elec- 
trode placed at the outlet of the first washer. The soda water/NG emulsion passes 
1 rough two additional washers for completion of the neutralization reaction, 
rom the last washer the emulsion flows to a Biazzi separator. The wash water 
°ws to a catch tank for the recovery of the last portions of unseparated NG. 

Technical Data of Biazzi Method (Vol. II, p. 1 14) 

Nitrator 

Heat Transfer Coefficient 700 kcal/m 2 .h. °C 


Ratio Coil Volume to Useful Volume 
Ratio Coil surface to Useful Volume 
Ratio Useful Volume to Production 
Capacity 

Ratio NG content to Production 
Capacity 

Throughput of Emulsion through 
Turbine Wheel 
Average Retention Time 
Draining Time 

Separator 

Ratio total Volume to Production 
Capacity 

Ratio Separated NG to Production 
Capacity 

Ratio total NG to Production 
Capacity 

Average Retention Time (NG) 

Average Retention Time (Spent Acid) 
Draining Time 
Washers 

Ratio NG/I'roduction Capacity 
Retention Time (NG) 


80/100 
10 m 2 / 100 I 

1101/1000 kg/h NG 

70 kg/ 1 000 kg/h NG 

10 m 3 /min 
4 min 
8 sec 


800 1/1000 kg/h NG 

40 kg/ 1000 kg/h NG 

170 kg/1000 kg/h NG 
10 min 
50 min 
20 sec 

50 kg/ 1 000 kg/h NG 
3 min 


Safety Measures 

When the Biazzi unit has to be shut down, it is necessary to remove all the 
NG from the nitrator separator system. This is done by introducing spent acid 
from an overhead storage tank into the bottom of the nitrator until all the NG 
has been displaced through the overflow ol the separator. A level sensor auto- 
matically stops the displacement process as soon as all the NG leaves the separ- 
ator. 

In general layout and design the possibility of the retention of a minute 
quantity of NG is eliminated. Ail the vessels are highly polished internally to 
prevent the adherence of NG to rough surfaces. 

There are two control rooms. One is near the nitrator house in a ‘control 
bunker’, another is further away in a remote control room at a safe distance. The 
latter is provided with instruments to start, supervise Redox, pll NG- water 
emulsion and a device to shut down the unit. Both control rooms are provided 
with TV sets. Signals between the two houses are both electric and pneumatic, 
although controls on the nitration unit are only pneumatic. The remote control 
room is operated in case of emergency and necessity or breakdown of the auto- 
matic system. 


rtt ifei 4 - l 
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The ‘control bunker’ is provided with a number of “push buttons*. They are 

Preparation button. By pressing this button the nitrator and separator are 
filled with water, the pumps are started, brine is circulated through the cooling 
coils etc. When all red lights on the alarm panel are out the unit is ready to start. 

The start button is then pressed, the glycerine pipe is extended to the nitra- 
tor, glycerine and mixed acids begin to flow at the selected production rate be- 
tween the nominal rate (100%) and reduced to 50%. 

The stop button causes the glycerine and acid flow to end and the glycerine 
pipe is retracted. One minute later the automatic shut-down sequence starts and 
continues until all the nitroglycerine has been evacuated from the building. 

An alarm sounds in the case of irregularities. 

The early history of the Biazzi invention was given by Biasutti 1 1 2| . 


Injector Nitration Process (Vol. II, p. 1 14) 


Brunnberg 1 14) gave a brief description of the method and its early history. 

Because of the high temperature of glycerine or glycerine glycol mixture 
the viscosity is considerably reduced and helps the action of the injector. The 
temperature rise through nitration is 46 48°C. The influx of the alcohol is auto- 
ma tic ally regulated and registered. Only one second after the two components 
are mixed, cooling of the emulsion begins, first in a coil with cold water or brine 
and then in a tubular cooler with brine to reduce the temperature to +I5°C. 

The nitrate ester is separated in a centrifuge of 4 8 kg capacity. The spent 
acid contains 0.1% emulsified NG and by adding 4 5% water the nitroglycerine 
remains in the solution (Vol. II, p. 95). 


Hie acid NC from the centrifuge runs to an injector where it is mixed with 
8% aqueous solution of sodium carbonate. It is transported to a special de- 
gassing vessel, where C0 2 is evolved. After that the emulsion passes to two wash 
columns provided with perforated discs made of stainless steel. Mixing is achieved 
by air inlet to the column, from the second column the emulsion runs to a 
specially designed wash centrifuge. The stabilized nitrate ester runs to an injector 

f n< * is transported as a non-explosive aqueous emulsion to a separate storage 
building. 

from the point of view of safety, the main advantage of the injector method 
B the very small quantity of nitrate ester present in the reaction space and the 
ry short reaction time ( ca . 1 second). After the reaction has ended, the quan- 
> ly nitrate ester is too small to be able to detonate. If nitration is stopped, 
e emulsion flows downward, leaving the apparatus empty, cleaned by nitrating 
1 and subsequently there is no need for a safety tank for draining nitrate ester 
ptteid in the case of emergency. 

e . l J le P° wer tails or the reaction temperature becomes too high, a valve for 
e t of air to the injector opens automatically and prevents the alcohol 
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being sucked into the injector. If the electric current returns, the nitration pro- 
cess cannot restart by itself. 

Centrifugal separation of NG is safe on condition that lubrication is carried 

out according to instructions. 

The injection nitration is supervised by remote control. 


Safety Problems (Vol. II, p. 122) 

Safety problems have already been tackled in the general description of pro- 
cesses Biasutti 1 15) described over 20 accidents in nitroglycerine manufacture. 

In the batch process two accidents were caused by laulty mixing. Thus in 
G'ansberg. Sweden in 1955. the supply of compressed air to stir the content ot 
the nitrator was stopped. Glycerine started to decompose which produced a heat 
evolution and hot acid together with decomposing organic substances entered 
the separator and detonated the charge of nitroglycerine in the separator (prob- 

ably ove i 1000 kg). 

Also in continuous methods of nitration faulty functioning of mixing in the 
niiraiot has caused a fev. accidents. Another cause of accidents in continuous 
methods was the malfunctioning of the automation dev.ee which produced an 
inflow of the wrong proportions of glycerine and acid. Thus two accidents with 
the Schmid method (in Gyttorp. 1933 and in Bofots, 1953) and one with the 
Biara system (Kaohsiung. Taiwan. 1966) wctc caused by an insufficient proper- 
tion of acid in the unit. Insufficiently t.aincd personnel can also be responsible 
for accidents where the production is fully automatic and requites skilled 
workers (c.g. wrong calibration and incorrect setting of control instruments). 

A process for drying nittoglycerine with calcium chloride was probably the 
cause of an explosion of stored nitroglycerine in Schlebusch (1956). It .s be- 
lieved that drying with calcium chloride evolved enough heat to produce the dc- 
composition of the substance. 

Gencrallv speaking stoiagc of nitroglycerine should be avoided. The con- 
tinuous methods were originally ended by batch processes of weighing and mix- 
ing nitroglycerine By fullv continuous methods no storage would be required. 
According to Biasutti |I2| in Japan and Sweden for the manufacture of com- 
mercial explosives of ca 500 kg/hr. only 40 kg of NG and 20 kg of dynamite 
can be present at any time. 

A separate danger of handling nitroglycerine has recently been described. It 
consists in choc combined with adiabatic compression ot minute air bubbles. 
The first described accident of this kind took place at Asa in Japan (1962). 
Meticulous study revealed that in die suction tube the air bubbles were originally 
under 0.1 atm, later the pressure increased to 1 atm. which caused a rise in the 
temperature by 300°C. A similar accident took place with a ‘water hammer it 
suddenly opening a water pipe which produced an adiabatic compression of air 
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hnhhTk " lin , 0iS ' t l968) A few mo,e accidenIS produced by compressing air 
bubbles have also been reported [15] . 

TaWefsfi"' ,eP ° r,ed SlatiSt ‘ CS ° f acciden,s whic >> I16b] are given in 


FABLE 56. Accident statistics in ng manufacture 


Number 
of accident* 

Section 

31 

Nitration - Separation 

66 
I 7 

Washing and Storage 

1 3 

After-Separation and Handling 

A 

of Spent Acid 

4 

Wash Water Handling 

2 

Decontamination 

15 

Transportation 


Accidents in the nitration separation section were mostly due to sell decom- 
post ion o the NG spent acid mixture following incorrect nitration ratio (9 
cases . insufficient stirring (4 cases), leakage of cooling brine in the nitralor (’ 
cases), self-decomposition because of impure raw materials, instability of span 

to ar n f ^r SP - A higl ' , "‘ mbe ' “f accidents during the washineVnd 

orage ol NG have occurred mainly in older batch processes where the two sec 
lions were installed in the same building. 

A great number of accidents have been caused by human error, for example 

1 1 rr,: s ?: aiv , e$ ° n ng ,q ««>■ ^ 

w“ 1 r 1 T Sh0Ck °' " ,C,al picces < 6 Chemical decomposition 
* ame ? "* explosion of nitroglycerine sludge accumulated at the 

SpenVacH I 5 '"" 18 ‘ ankS l:x,e " lal causes '‘ginning - caused 7 accidents, 
'to .hi H d ' COmP ° S " IOn Was ,he so,,,cc of 10 accidents. Here 5 cases were due 
lTJuZTT 0n u,° f N f G 11 dlSSoWl -' i 'he acid. Accidents in transportation 
on m r , r , , lf! °' bUCke ' S - Sl, ° cks a " d Octarlmems or collisions 

was ,,an5p0rla,l °" (6 cas “>- Transportation through waler-in, cation 

bubbles ^ USe f 8 aCCldCnlS ’ 7h,S Was duc lo ad,aba, 'c compression of air 
enc.Rctir r Xhe lnlroduc,lon 01 thc safe water-injection method, where rapid 
much safe' UngCS 3rC aVOlded * t,,e trans Portation by water-injection became 


Methylene glycol din.trate idgdn) (Voi. 11 . P . 149 ) 

[for ™ en i tioneiJ this compound was extensively used in World War 

Wool bv * 0uble base P«wder. It was made by the nitration of diethylene- 
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The specification of diethylene glycol for nitration was given by Meyer 1 1 7| : 

Clear colourless liquid, density (20/4) 1.1 157-1.1 165 
neutral to litmus 

boiling analysis: five drops not below 24 l°C, 

distillation al 246.5°C, 
end not above 250°C 
moisture: no more than 0.5% 
residue after burning: no more than 0.02% 
acidity (as ll 2 S0 4 ): no more than 0.01% 
chlorides: traces 

saponification number: not above 0.02% 

reducing substances (lest with ammonia solution of AgN0 3 ): none 
viscosity at 20°C 35.7 cl* 

Content of monoelhyleneglycol no more than 2%. 

TRIETHYLENE GLYCOL DINITRATE (Vol. II. p. 154) 

As already pointed out. the substance was used in double-base propellants in 
Germany during World War II. 

Meyer ( 1 7 1 gives the specification ol the glycol used for nitration (compare 
with thc data in Vol. II, p. 154): 

density (20/4) 1.230-1.234 
boiling: do not start below 280° C. 

90% distilled not over 295°C 
moisture: no more than 0.5% 
chlorides: traces 

acids (H 2 S0 4 ): no more than 0.02% 
saponification as Na 2 0: no more than 0.05% 
reducing matters: none. 

MANUFACTURE OF PENTAERYTHRITOL TETRANITRATE ( PETN ) 

(Vol. II. p. 185) 

Relatively little can be added to the description of the methods of PETN 
manufacture. Continuous methods are mostly used in modern plants (see also 
Fig. 74. Vol. II. p. 188). 

The nitration characteristics of pentaery thritol (PL) can be summarized as 
follows: 

1. Use of low temperature of nitration with nitric acid (d 1.50). 

2. Ease of separation of PETN from thc spent acid by the fact that the pro- 
duct is a crystalline solid, and ease of washing it from the acid. 
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3. High sensitivity of PETN to impact which should always be kept in mind 

4. Instability of the spent acid. 


Pentaerythritol (PE), ‘nitration grade'. According to ‘liiazzi SA* 1181 PE 
should possess the following characteristics 


M.p. 

Humidity 
C rystal size 

Formic acid 
Dust 

Water insoluble parts 
Ashes 

Monopcntaerythritol 

Dipentaerythritol 


263 ± I°C 

max 0.29? 

min dia. 0.025 mm 

max dia. 1.0 mm 

absent 

absent 

max 0.2% 

max 0.01% 

96.5-98.5% 

0.7 1.3% 


The following is (he description given by Biazzi SA |18| on the continuous 
nitration of PE TN - Fig. 47 with two nitralors. 

The dry pentaerythritol (PE) of specified granular size and quality (sec the 
specification above) from (I) loaded into a feeding hopper (2) is fed into the 
lust mtrator (3) by means of a vibrating system giving a constant How rale. The 
feeder is provided with a variator making it possible to modify the feeding rale 
simultaneously a continuous flow of nitric acid (98.5?- UNO,) is introduced 
into the mtrator in the right proportion (5 I ). 

From the first nitrator the suspension of PETN nitric acid enters the second 
mtrator (4). Ihc temperature I5-20°C is maintained by a freon filled jacket and 
controlled by the cooling agent valves. The nitric acid is fed into the first nitr,- 
•or from a constant-level overhead tank (5). The contents of the nitralors are 
stirred by paddle type stirrers, driven by electric motors which are located out- 
side the building or in a separate motor room. Gas from the nitrator is washed 
wuh water in a column (6). 


Camera |19| discussed the control of the safety of miration of pemaery- 

iritol with nitric acid by Redox measurement as described in Chapter X. 

The PETN suspended in the spent acid overflows from the second nitrator 

n o a continuous vacuun, filter (7). The spent acid goes through a fillet into an 

rmediate vacuum tank equipped with a strainer retaining all the PETN which 

™ 3y CSCape from ,he fi,ler - From the tank the acid is pumped to storage by 

eans of a diaphragm pump controlled by a level switch in the intermediate 
vacuum tank. 


From the filter PETN is transferred to the dissolution neutralization and cry- 
Mtizatmn equipment by a water jet. .Although the nitration of Pentaerythritol 
' should be regarded in itself as a relatively safe operation compared to the 
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I It; 4 7. Simplified fiow sheet of Bia/zi method of making PETN 

(Courtesy M. S.A.) 


nitration of glycerine and trinitration of toluene, there is a certain amount of 
danger particularly from the storage of spent acid for a longer time. This is the 
result of hydrolysis of PETN to lower nitrated PL. that is. PETriN and PEDN 
described by Camera [20) . The lower nitrated products can be relatively readily 
oxidized and this of course is manifested by the formation ol nitrous acid. 

One of the important requirements for the safety ot nitration ot PI is keep- 
ing the right proportion of nitric acid to PE (5:1). 

A few accidents with PETN described by Biasutti |15) were very instructive. 
A typical accident happened through a faulty rotameter giving a wrong dosage 
of the acid in the continuous method of the manufacture of PETN. Insufficient 
quantity of the acid produced a considerable increase in the temperature in the 
nitrator and a violent decomposition of PETN [21]. 

The sensitivity of PETN to shock was the cause of another accident. This 
happened when the crust of the explosive was removed from the stirrer with a 
steel chisel. This was against the regulation which required the use of a solvent 
(acetone) and either wooden or plastic tools [22] . 

The storage of spent nitric acid is dangerous particularly in a concentration 
of 75-80% [23] or from other sources 65-75% [24). The probable cause ot 
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daulTs 7Z^IZT acid is hydrolysis of the lowef es,eis foll ™ d * -* 

However. Ramaswamy and Subba Rao [23] suggesled a 'controlled fume-o.T 
as a means of avoiding the danger of keeping spent acid. Two methods were 
recommenced both by injecting live steam. 

(1) keeping the temperature at 70 ± 2°C; 
or (2) at 95-100°C with an additional injection of N 2 or air. 

acid™' ‘ 5 fU " y d ' SCU “ Cd fn ChaP ' er Xl11 dcdica,ed ,he of spent 


Purification of PETN 

fm J h l'! ,Ual r! h n d f0r Ih * purifica,ion of p ETN consists in crystallization 
Horn acetone fVoI. II, pp. 188 -189). 

A description of crystallization as given by Bia/zi SA |I8| is as follows. 
1 1 IN is continuously introduced from the filter into a stainless steel dissolving 
apparatus provided with a hot water heating jacket and a stiirer The required 
amount of acetone is continuously fed from a constant-level overhead tank to- 
getlicr with ammonia gas Tor neutralization. The neutralized solution of PETN ... 
acetone flows continuously into a series of continuous crystallizers equipped 
. stirrers and jackets. 1 he crystallization is carried out by adding a well deter- 
mined quantity ol water The contents of the last crystallizer How continuously 
on a continuous vacuum filter where most of the waste acetone is removed The 

niimn 15 C ° UeC " d in, ° a " ""''mediate vacuum tank from which is 

pumped to the acetone recovery unit. 

contair m °r ‘ a f ,,d ,' eCryS,alU “ d PtTN fall* continuously from the filter into the 
containers for further use. 

ah Hr Pla " t iS P r VidCd wi,h an clcc,r °-pneumatic safety system which signals 
..... .' gencics durin 8 '!>' operation and sets the automatic safety devices in 
action if the intervention of personnel fails. 

duc™PETN e, | l8| alanCC 0 ' " ,C BilZ2i Pr ° CeSS iS giVe " behm fo ' 1000 kg of P"- 

450 kg 

2250 kg (not including recovery) 

300 kg 
1-5 kg 
1 2 000 1 . 


PP was used in quantity 
Nitric acid (as 100% HN0 3 ) 
Acetone ca. 

Ammonia (as 100% Nll 3 ) 
Process water 


By-products and wastes: 

Spent acid (81-84% HNO,) 1650 kg for recovery 
ACldlC watcrs: 3? 50 kg wltich should be neutralized and senl to the drains 
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Acetone (30%) water: 9250 kg to be sent to acetone recovery plant. 
Specification of the final product (PETN). 

M.P. min. 140°C 

Abel heat test at 30°C: min. 30 minutes 
Nitrogen content: min. 14.5% 

Insoluble in acetone: max. 0.1% 

Bulk density: max. 800 ± 80 g/litre 
Acidity: max. 0.005% (IINOj ) 

Ash inax.0.05% 

Water (foi the safety in transportation and manipulation); max. 20%. 

US standards have slightly different requirements. 

According to Roth [25| PETN for military use in the USA shall correspond 
to data as below: 

Melting point: 141° t l.0°C. 

Nitrogen content: min. 17.5% 

Acetone insoluble material: max. 0.10% 

Acidity or alkalinity: max. 0.01% 

120°C vacuum stability: the max. amount of gas evolved in a 20 hour test 
should not exceed 5 ml. 

Granulation. PETN should comply with the granulation requirements shown 
on Tabic 57. 


TABt I $7 Sieving of Pl.TN (US specification) 


1 S Standard 
Sieve No. 

Class 1 

Percent Passing through the Sieve 
Class 2 C lass 3 

Class 4 

■ *■ ■ 

30 

HO 

100 min 


95 min 

1 00 min 

too 

140 

85 non 
55 max 

96 min 


20 max 

200 

30 max 

80 max 

65 min 

30 max 



With regard to the safety of crystallization attention should be paid to the 
danger of explosive acetone- air mixtures which have been responsible for some 
accidents |26J. In some countries (e.g. Japan) purification of PETN is carried 
out by heating PETN with water in autoclaves in a manner similar to that for 
nitrocellulose (Vol. II. pp. 411-413). However, an explosion occurred when 
PETN was heated with 30% water in an autoclave [26) . The accident was prob- 
ably produced by overheating. 
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CHAPTER 12 

CARBOHYDRATE NITRATES 


CELLULOSE AND CELLULOSE NITRATES (NITROC ELLULOSE) 

(Vol. II. pp. 213, 234, 293. 321. 362, 393) 

With regard to cellulose two more collective volumes have appeared [1] which 
are the continuation of the former ones edited by Ott. Spurlin and Graffin. 
However, most of the text is now dedicated to the biosynthesis of cellulose and 
modifications of cellulose which are outside the scope of the present book. Only 
one chapter written by Hiatt and Rebel |2| refers to esters of cellulose, includ- 
ing nitrocellulose and the information given by these authors is used in the pre- 
sent volume. 

With regard to the present advances in the chemistry of cellulose an excellent 
review- has been given by Shafizadeh (3). He also refers to the folded chain 
structure of cellulose |4. 5) and of the structure of elementary fibrils |6) . 


Cellulose for nitration. In most European countries wood cellulose is now 
used for nitration (Vol. II. p. 364). The success of the nitration of cellulose 
from wood depends on a high proportion of a-cellulose in wood cellulose. 
According to Pctropavlovskii. Krunchak and Vasilyeva |7) the yield of nitro- 
cellulose highly depends on the o-ccllulose content and can be proportional to 
this content. Some authors |8] consider that lower quality of nitrocellulose 
from wood-cellulose is due to the presence of hemi-cclluloses (mainly pentos- 
anes) in it. 

Nevertheless wood cellulose has a lower molecular weight than cotton cellu- 
lose. which explains the lower molecular weight of nitrocellulose from wood. 
Some attempts have been made to produce a higher quality nitrocellulose from 
wood b> carrying out the nitration in two stages, for example [9) but this tech- 
nique did not seem to find a wider application although the semi-continuous 
method of nitration of Bofors-Nobel-Chematur (see p. 346, Fig. 48) includes the 
nitration in two stages: 

(1) Pre-nitration, 

(2) After-nitration. 
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Structure of Cellulose Polymer and Determination of Molecular Weight 
(Vol. II. pp. 261-278) 

The structure of cellulose has only relatively recently been tackled through 
the examination of its trinitrate, that is. nitrocellulose of ca. 14% N. Trinitrate 
of cellulose was chosen as a readily available cellulose ester, soluble in polar 
solvents, of an almost unique unbranched polymer chain structure having a 
broad range of molecular weights manifested by the degree of polymerization 
250-9000. 

I loltzer. Benoit and Doty |45] undertook the task of fractioning samples 
of nitrocellulose with 13.8 14.1% N. //-Hexane was added dropwise while stir- 
ring to 0.2% solution of nitrocellulose in acetone and several fractions were ob- 
tained. Their molecular weight was determined by light scattering, viscosity ai d 
osmotic pressure measurement. 

Light scattering gave the following figures: 




(1) molecular weight of nitrocellulose (eg. 400 000) is much higher than 
that of most vinyl synthetic polymers. 

(2) the cellulose skeleton in nitrocellulose is manifested by an unusually 
stiff chain. 

Both these characteristics are responsible for the veiy high viscosity of nitro- 
cellulose solutions. 

Recently British authors [50] described a simple method of determining 
number-average and weight-average molecular weight of 12.6% N pyro nitro- 
cellulose. The measurement was made with a 3% solution in acetone/ethanol. 
The viscosity is related to the number -average and weight -average molecular 
we >ght. By adding ca. 7% lead 0-resorcylate a fractional increase in the viscosity 
Was found, which is a function only of number-average molecular weight. Once 
6 calibration has been made against osmotic pressure measurements and intrinsic 
L Viscosity < both number- and weight-average may be measured rapidly. 


( 1 ) Weight average molecular weight: M„ = 2 640 000 77 000 

(2) Number average molecular weight: M„ = 1 320 000-4500. 

Thus the polydispersity M*/M n is ca 2. However most commercial samples 
of nitrocellulose have a high polydispersity 2.5 3.5. (For the description ol 
M u and M„ and their calculation see |46|.) 

Measurement of viscosity gave lower figures. The above results were con- 
firmed by Hunt. Newman, Scharaga and I lory |4 7|. Their figures for the mol- 
ecular weight of fractions were lower: 575 000 40 000. Canadian workers |4s| 
obtained figures of 2 500000 650 0(H). Their method of fractionation consisted 
in adding water to the solution of nitrocellulose in acetone |4 l )| 

The conclusion from the above experiments was that 
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Pyrolysis of Nitrocellulose 

Eure and Varadi [51 ] examined pyrolysis of nitrocellulose (no nitrogen 
content was given) between 300° and 950°C. The decomposition yielded almost 
completely gaseous products: C0 2 . CO, nitrogen oxides, C!l„ . H»0, lesser 
amounts of nitrogen (increasing with temperature) and small quanltt.es (below 
of ethylene acetaldehyde, methanol, ethanol and methyl acetate. The latter 
four compounds were not found at 900 950*C. A small solid residue which 
formed between 300° and 500°C yielded gaseous products above 500 < 

At | 7 S -250°C a solid residue was produced which decomposed only partly 
to volatile products when healed to 600° < This indicated the difference be- 
tween the composition of products formed at 300- 500 ( and at 17? 250 ( 
Osada and Kara [S3| examined the action of l IV radiation on nitrocellulose 
and found that evolution of NOj and NO occurred. In oxygen atmosphere 
nitrocellulose absorbed oxygen which promoted denitration and depolymemt- 
ation. Also salts ot dr- and trivalcnt iron promote depolymerization. 

ThermiHlicmical Properties of Nitrocellulose (Vol. II. p. 313) 

The National Bureau of Standards |4I | reported then results for determining 
heat of combustion and heal of formation of dimtralc- and trinitrate ol cellulose 

(Table 581 

I AIM. I 5 K. Ileal »•! combustion jiuI Mim.nionol 
niltoicllultiw (41 

IUmIo! Heat Ol 

combustion formal loll 

L-..1/g v-.il/g 

2614.4 2616 

anil 715.3 712.8 

26 « 6.0 260 X .6 
2 IW .7 2 I 8 X .7 

and -"23 4 525.4 

2179.5 21 78. 1 

Nitration. As pointed out in Vol. II (p. 321) the only Industrial method oi 
nitrating cellulose consists in using a nitric acid -sulphuric acid nitrating mixture. 
The other nitrating mixtures, such as nitric acid/phosphorie anhydride, nitric 
acid/acetic anhydride, nitric acid/chlorinated hydrocarbons were in use occasion- 
ally on a laboratory scale to solve some problems connected with the nitration 
of cellulose. Thus Bennett and Timell [10| confirmed the work of Bouchonnet. 
Trombe and Petitpas (Vol. II. p. 344) that the nitration of cotton dust with a 
mixture of nitric acid-acetic acid-acetic anhydride (in proportion 43:32:25 I 
at 0°C can vicld fully nitrated cellulose, that is. cellulose trinitrale of 14.14% N 


('< impound 


< cllutoM- 
I) IlltlilU 
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Thinius and Thummlcr [II) obtained highly stable nitrocellulose of 13.8- 
14.0% N by nitrating cellulose with solutions of nitric acid in chlorinated hydro- 
carbons (see Vol. II, p. 346). 

With regard to the mechanism of the nitration of cellulose, two modes were 
suggested for the formation of esters of cellulose (Vol. II, pp. 239 242). One 
of the mechanisms suggests gradual introduction of N0 2 groups: at the begin- 
ning on the surface of micells followed by a step-wise deeper penetration. 
Another mechanism suggests simultaneous reactions of OH groups with nitnc 
acid. The latter mechanism seems now to be accepted according to Ihatt and 
Rebel [2). 

Sakata and Komatsu (12) used infra red and X-ray techniques to study the 
mechanism of the nitration of cellulose with nitric and phosphoric or sulphuric 
acid. Their conclusion can be summarized as follows Nitric acid penetrates into 
crystallites and most OH groups simultaneously react with the reagent in the pre- 
sence of phosphoric acid. In the presence of sulphuric acid the accessibility of 
OH groups gradually increases. The part of the molecule which has not reacted 
shows the same pattern as the original unnitrated micell. 

Kunz, Korn pol thy and Balogh [13) examined the trend of the nitration of 
mechanically pulverized cellulose. They found that the nitration obeys the same 
rule as the nitration of starch, reported by Kunz and Toth (Vol. II. p. 430). The 
same dependence: reaction time on the reaction temperatures exists in both 
cases and the degree of nitration plot on triangle diagram (Vol. II, pp. 333-336, 
42‘1) are identical, without the typical one phase system for nitrostarch due to 
the solution of starch in nitrating mixtures rich with nitric acid. A correlation 
exists between the activity of nitric acid (Vol. I. PP . 28-30) and the duration of 
the reaction. The reaction was fully accomplished in 8 13 minutes depending 
on the composition of mixed acids. It was found that the introduction of one 
NOj group into the cellulose molecule develops 1696 ♦ 85 kcal/mol. This figure 
consists ot the actual heat of reaction of nitration and the heat of absorption of 
nitric acid by cellulose (sec Vol. II. p. 358). 


4 . ! 


• < 


1 Mixed E*tcn: Nitrates and Sulphates 

| It is well known that the low stability of nitrocellulose is often attributed to 
* presence ot sulphates of cellulose, usually in the form of mixed esters 
■ to ra h°^ UlphalCS (Vo1 ' 293-298). A number of patents [1] have attempted 

Kmixt lam nilmcc,Iu,ose frce <)f sulphates by nitrating cellulose with nitrating 
R nit ^7 composed nilric aci(I and salts of nitric acid, such as magnesium 
|. *ate [ 14) much in the way described in Vol. II, pp. 346-347. 

BL . e analytical method of determining the quantity of sulphate groups in 

KlyUca? Ulose was 8 iven by Dawoud, Saad an Attia [15| who used a quick ana- 
K method of determining sulphate esters of cellulose: 
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(1) by the ignition of samples in a calorimetric bomb, 

(2) by titrometric determination of sulphate using Thorin titration method 
with BaC10 4 . 

The conclusion of this important work is given here. Unstabilized samples of 

* 12.2%, 12.52% and 13.3% N have shown 0.68%, 0.44% and 0.37% S0 4 rcspec- 

tively. 

Finished commercial products showed only trace quantities of S() 4 : 

nitrocellulose of 1 2.2% from linters 0.01% 

nitrocellulose of 12.16% from wood cellulose: 0.02% 

• nitrocellulose of 1 3.2% from linters: 0.03% S0 4 • 

Attention should be drawn to the work of Castorina, Hell, Aaronson and 
Kaufman [52) who examined the nature and amount of sulphate present in 
nitrocellulose and mechanism of its removal during stabilization by using the 
radioactive tracer - sulphur 35. Thus nitrocellulose of 13.35% contained 0.84% 
sulphate. After 56 hours of boiling in acid it was reduced to 0.05%. The latter 
could not be removed. The authors concluded that ca. 90% of sulphate in un- 
stabilized nitrocellulose is removable sulphuric acid and the remainder is sulph- 
ate ester which is difficult to remove. 

Nitration of wood meal with N 2 0, vapour at 0° to 2 c C in vacuo was also 
described |16). 

Stabilization of Nitrocellulose 

As described in Vol. II. p. 393 stabilization comprises washing and boiling 
nitrocellulose in kiers (if necessary an additional kicring in autoclave), pulping 
in heaters or mills (refiners) followed by final boiling and washing. 

Hess and Trogus (Vol. II, p. 241) have shown that boiling nitrocellulose in- 
creases the regularity of the structure of the obtained molecule. A very impor- 
tant part of stabilization is pulping the nitrated fibres. Mechanical cutting ol the 
fibres into shorter ones produces a depolymerization manifested by a decrease 
in the viscosity of the solutions of nitrocellulose (Vol. II, p. 276). 

Steurer and Hess [17) have already calculated that the kinetic energy from 
the impact of balls (in a colloid ball mill used by Staudingcr - Vol. II, p. 2^6) 
on cellulose fibres should be sufficient to rupture covalent bonds in cellulose 
such as C-C, C-O. Breaking such bonds requires energy of the order 80 -90 
keal. This statement was substantiated by Swedish authors [18) who found ex- 
perimentally that the covalent bonds in cellulose, as above, can be ruptured by 
mechanical action (in an agate ball mill). It has been known since 1895/96, 
thanks to the work of Bruley (Vol. II, p. 276), that pulping nitrocellulose re- 
duces the viscosity of its solutions, but only now the experimental facts can be 
explained in terms of breaking the covalent bonds. This was done by T. Urbanski 
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[19] who suggested a sequence of reactions given in scheme (1). First breaking 
a bond between pyrane ring can occur forming free radicals (a) RO* and R- 
Also a rupture of the bond -C-O-NO, can occur forming free radicals 
~ “O*, -ONOj and -N0 2 (b) All free radicals can react with water to 
yield: R - OH, R' - OH and - C - OH, - CH, HONO, and HNO, (c) 



— C-OWl, 



I 

— ( — (). * -NO. 

I 


— ( • ♦ *OM), 

I 
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CARBOHYDRATE NITRATES 

This scheme explains both the reduction of the viscosity and a slight denitratic 
of nitrocellulose during the pulping (Vol. II, p. 276) and the presence « 
Ca(N0 3 ) 2 and Ca(N0 2 ) 2 in water in beaters. Calcium salts are being forme 
from calcium carbonate added to the water in the course of the work of beate: 
Degradation of polymers by mechanical action (tribo* or mechano-chemistr; 
is now- generally accepted and has been described in two monographs [20, 21 ] . 

Knecht Compound 

The structure of “Knecht compound” has been examined by T. Urbanski a: 
Zys/.czynski |54|. On the basis of infra red spectra they came to a conclusic 
that the cellulose moiety of the Knecht Compound is partly oxidized and shov 
the presence of a carbonyl group similar to that of oxycellulose (Vol. II, p. 321 

Manufacture of Nitrocellulose. Continuous Methods 

As pointed out in Vol. II, p 391 numerous attempts have been made 
introduce continuous methods of cellulose nitration. In addition to those me 
tioned in Vol. II. the following continuous methods were reported by I halt ai 
Rebel |2] : Plunkett |22|. Plunkett and McMillan (23) , Reinhardt 1 24 ] . Rai 
sey [25 1 described a continuous method with nitric- phosphoric acid mixture 
and Bergman [26] nitration of powdered cellulose. Diels and Orth 1 27] us. 
spent acid for the first step of nitration followed by the second with fresh mix- 
acid. 

Matasa and Matasa |2S| described a number of continuous methods of cell 
lose nitration, among them patents by Hercules Co. 1 29] and Wasag C her 
130] . 

So far none of the above methods have received practical application, and 
appears that only two methods are in use on an industrial scale: 

(1) semi-continuous method used by Bofors Nobel-Chematur in Sweden a« 

(2) continuous method used by Hercules Powder Co. 


K— ()• * • K‘ ♦ HOH 


K— OH ♦ HO— k* 


The Semi-continuous Method of Bofors-Nobel-Oiematur [31 / 


— C— O- ♦ -no, ♦ non 
I 

I 

— c* ♦ *NO, + HOH 

I 

— ( • » -0N0 2 * HOH 


I 

— C — II ♦ MONO} 

I 

I 

— C— OH * H\0, 

I 

I 

— C— OH - MONO; 


(Id 


The method is depicted by Pig. 48. It was developed in the early 1960s 
the Nobel Works, Karlskoga, Sweden. The process comprises continuous nit 
lion, continuous centrifuging and batch stabilization. 

Cotton, cotton linters or wood cellulose is made fluffy by a disintegrator a 
dned in a continuously working belt drier. Dried cellulose is continuously mix 
with nitrating acid in a prenitrator. From there the mixture passes into a t 
fi bra tor where very close contact is obtained between the cellulose fibres and t 
acid and all enters into an *after-nitrator' where the nitration is completed. 

The method of continuous centrifuging depends upon whether low or hit 
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nitrated nitrocellulose should be obtained. Low-nitrated product continuously 
flows through three stages in the centrifuge. In the nrst stage the main part of 
the acid is removed, in the second stage the nitrocellulose is washed with dilute 
acid and in the third stage the nitrocellulose is washed with water. High-nitrated 
nitrocellulose is not washed with acid and water. 

When leaving the centrifuge the nitrocellulose is mixed with water and 
pumped to stabilization. The spent acid is partly mixed with nitric acid and 
oleum for re-use and partly sent for denitration. 

The nitrated cellulose is boiled in pressure kiers. The boiling time and tem- 
perature depends on the required quality of the product. 

Kiered nitrocellulose is pulped in refiners (Fig. 49). The refiners arc of the 
same design as Jordan mills. They contain a conical bar fastened on a movable 
shaft around the mantle equipped with knives. The inside of the conical shell is 
also equipped with knives. The nitrocellulose- water slurry is pumped through 
the gap between the knives. The gap between the knives is adjusted by moving 
the conical part horizontally. 


Conical 




A A 


MG 49. Conical refiner (Courtesy Bofors-Nobel Cliematur) 


Pulped nitrocellulose is subjected to the usual operations: further boiling, 
washing, blending and the removal of foreign particles. After that the nitro- 
cellulose is dewatered in a centrifuge. 

Diagram of Continuous Method of Hercules Powder Co. hid. |32| . A con- 
tinuous fully automatic nitrating method is shown in I ig. 50. Dried cellu- 
lose and mixed nitrating acid are introduced continuously to a nitration. A 
suspension of nitrocellulose in the acid enters a centrifuge. The centrifuge is 
the essential part of the system. It is divided into zones and nitrocellulose is 
advanced from one zone to another. In the first zone most of the original acid 
from the nitration is removed. In each of the succeeding zones the acid in nitro- 
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cellulose is displaced wiili weaker acid and filially in die Iasi /one with water 
In all /ones the process occurs simultaneously The water used for the final 
displacement is used for the preceding washing and so on. this is done in every 
step: each diluent is used for the preceding step Subsequently fie displacing 
acid leaving the system is composed of spent acid of nitratin' 

Hercules Co. points out that the product of the continuous nitralior is more 
uniform than from the batch processes. 


Drying Nitrocellulose 

As is known nitrocellulose is stored and transported with 30 ' • water or 
ethanol. It is also known that for a single base powder (nitrocellulose powder) 
w ater in nitrocellulose is replaced by ethanol which remains m it js an ingredient 
°l the solvent (Vol. II, p. 573). However for some types of double base powder 
.(cordite, Vol. Ill, p. 642) it is necessary to dry the nitrocellulose Drying intro* 
(cellulose is essential in the manufacture of dynamite (Vol. II. p. 51 1 ). However 
jt has so tar been considered the most dangerous operation with dry nitroccllu- 
pse considering its case of ignition and burning, and sensitivity to impact and 
nction. Mario Biazzi S.A. use a Finnish method Finska Forcit (33 1. The idea 
' the system is given in Fig. 51. It consists essentially in drying humid nitro- 
u OSC with dry warm air which passes through the nitrocellulose from the top 
0 l he bottom. 
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I l(i 51 I irtka I ‘icit imMlmJ «*i diving nitunvlli.lnu- 
• ( Miiriwy M Kbi//i S.A.). 


Moist nitrocellulose in cotton sacks is pul in aluminium cylinders the hot loir.s 
o' which arc made ol metal sieves, loi example, of phosphoihmn/c wires. The 
thickness o the sheet of nitrocellulose should be 25 40 cm the diametci js 
chosen so that the content of one cylinder is usee for one hutch of dynamite. 
Dry ai: heated to 50°C enters the cylinders under pressure o I 700 nun water. 
The amount of air is 30 50 mu' per kg of dry nitrocellulose. 

The end of drying is manifested by the increase above 21) < in the tempera- 
ture ol the air leaving the cychnders. To avoid I lie danger created hy static elec- 
tricity all cylinders should be earthed. Drying is ended alter I 2 limns. One ol 
the advantages of the method is the fact that no nitiocellulose dnsi is formed. 

Safety in the Manufacture ol Nitrocellulose 

(icncrally speaking the manufacture of nitrocellulose should 8c regarded as a 
relatively sale process. The most dangerous operation is drying nitrocellulose 
1 34 1 . It also causes the largest number of accidents |35| . The explosions occur- 
red mainly through the shock, overheating or discharge of static electricity. An- 
other dangerous part of the work is ccntnfugmg the danger connected with ii 
has been described in Vol. II. pp. 407. 380. Stabilization in autoclaves, that is. 
boiling nitrocellulose under pressure.' also ended with explosions probably due 
to an insufficient quantity of water m the autoclave. As a consequence decom- 
position began with the increase of the temperature to I60°f and a violent 
reaction occurred. 

STARCH NITRATES (NITROSTARCH) (Vol. II. p. 418) 

Attention should be paid to Abdcl-Rahman Shalash (36| who nitrated both 



350 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


CARBOHYDRATE NITRATES 


351 


amylose and amylopectin and gave an extensive review of the literature on nitro- 
starch. 

Here are the main points of Shalash’s work. 

Nitration of amylose. This was achieved by using a nitrating mixture of nitric 
acid and acetic anhydride in volume proportions 50:50 and 60:40. Table 59 
gives the main results. 


I ABLL 59. Nitration or amylose with HNOj acetic anh. 
60:40 after 24 hours [361 


Ratio 

Amylose: Acid 

Temperature 

°C 

% N in the 
product 

1:10 

10 

13.4 


20 

13.5 


30 

13 66 

1:25 

10 

13 5 


20 

13 7 


30 

13 76 

1:50 

10 

136 


20 

1 3.7 


30 

13 8 


Nitration of amylopec tine. The nitration was carried out with nitric acid :n 
the presence of pyridine. The nitration is extremely fast and the esterification 
equilibrium is reached at a relatively low degree of nitration as denitration inter- 
venes. 

J ^ sin 8 nitric acid pyridine ratio 70:30 and amylopectine: (nitric acid pyri- 
c ) = 1 :50 at I0°C\ the product contained: 


after one hour 
after two hours 
after three hours 
after four hours 


1 1 .45%N. 
12.25%, 
12.7%, 
12 . 1 %. 


Animig other published papers on mtrostarch is that of Vollmert |37|. He 
™ lci1 starch with N 2 0 5 vapour and obtained the product with 9.7 10.0% V 
analysis was carried out simultaneously with Kqfaczkowska and T. 
a f nski (Vol. II, p p . 422-423) by Berl and Kunze |38| and by Cenlola [39| 
0r,ncr authors examined both: amylose nitrate and amylopectine nitrate. 


UTES 0F VARIOUS CARBOHYDRATES 

e ’hesis o| Delpy [40] should be mentioned. He described the nitration 
Uc,s as foll 0ws: 


hydrocellulose nitrate, 12.61% N 

D-glucose nitrate 1 5.99% N (a sticky, soft substance), 

D-mannose nitrate 15.40% N (as above), 

D-fructose nitrate 1 3.56% N, crystals, rn.p. 50 60°C, 
saccharose nitrate 14.54% N, solid 
maltose nitrate 1 2.03% N, 

raffinose nitrate 14.36% N. 

The nitration was carried out with a mixture of nitric acid (43.4%), sulphuric 
acid (44.25%) and water ( 1 1 .85%). 


POLYVINYL NITRATE (Vol. II, p 173) 

Efforts are being made to find an explosive polymer with properties similar to 
those ol nitrocellulose. Naturally attention was directed towards the nitration of 
polyvinyl alcohol as the most accessible high molecular polyhydroxyl alcohol. It 
is described in the chapter dedicated to explosive polymers (Chapter XIV). 


NITRO-DERIVATIVES OF LIGNIN (Vol. II. p. 433) 

Attention :s drawn to the monograph by Brauns and Brauns |42). Although 
published in I960 it contains a description of the main work on nitration of lig- 
nin. 

The diagram suggested by Eraudcnberg (Vol. II. p. 435) with the nitration of 
aromatic ring has generally speaking been confirmed. 

I he most important seem to be the paper published by l.icser and Schaack 
|43| , Ivanov, Chuksanova and Sergeeva |44] . 

The form using the nitrating mixture with 7.4% water at 20 U C yielded the 
product containing 12.2%- N [43). The latter nitrated lignin with nitric acid- 
phosphoric acid and nitric acid-acetic anhydride and obtained the product with 
7.5% N [44]. 

No practical application has been found for the products of nitration. 
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CHAPTER 13 


iV-NITRO COMPOUNDS 

OV-n it ramines and A'-nitramides (Vol. Ill, p. 1) 


This important group of explosives has recently received particular attention due 
mainly to heterocyclic nitramines- Cyclonite (RI)X) and Octogene (HMX). 
Interest has also been maintained in Nitroguanidinc and I- UN A 
Several reviews on nitramines have appeared: by McKav |1),G. F Wright |2| 
who reviewed the methods of formation of the nitramino group and its proper- 
ties. Fridman, Ivshin and Novikov [3 1 who reviewed chemistry of primary ali- 
phatic nitramines. 

Darner and co-workers 1193, 194) revealed the formation of free radicals 
,rom ^condary nitramines as the result of 7 and ultra-violet radiation. Recently 
Dubovitskii and Korsunskii [4) have reviewed nitramines from the point of view 
ot the kinetic value of their thermal decomposition and came to the conclusion 
o! tree radical-chain reaction of breaking the N-NO, bond. Also a monograph 
on octogen has appeared |5). 

STRUCTURE AND CHEMICAL PROPERTIES 

Very little can be added as regards the electronic spectra of nitramines (Vol. 
N. P- 3). Among earlier papers were those of Kortiim and Finckh |6| . Mehle* 

I J. The latter author reported two maxima for Cyclonite in ethanol: 202 nm 
and a shoulder at 236 nm. Piskorz and T. Urbanski |8| found the maxima at 
i nm - Two maxima 218 -224 and 262-266 nm were present when the mol- 
ecu 88 contained other chromophores: C=0 and C=NH in nitrourea and nitro- 
guamdine (see also Vol. Ill, p. 25). 

Inlra red spectra [8, 9] were reported to show the frequencies: 


N0 2 , asym 1630- 1 550 cm" 1 

N0 2 u sym 1354-1262 cm -1 

N-N 1000-948 cm' 1 

in primary 
nitramines 

Sc e also the frequencies of A'-nitrosamines (10) . 

thr" P / lmary nitramine s the frequency NH can be lowered to 3253-3240 cm -1 
°»gh hydrogen bonds between NH and N0 2 of neighbouring molecules or 
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neighbouring groups in dinitramines. In deuterated compounds it can be lowered 
to 2400 cm -1 [II). 

Primary nitramines are weak acids, for example, methyl nitramine shows 
P A' 3 = 6.0 [3). 

The dissociation constants of A-nitro derivatives of a, co-dinitramines also 
indicate their weak acid properties [12) . 

Nitrimino compounds containing =N-N0 2 should also be included in the 
group of compounds belonging to nitramines and mtramides. 

On the contrary a A'-nitro derivative of hydrazine, the nitroimide (I) (ob- 
tained by dehydration of quaternary nitrate of substituted hydrazine) possesses 
weak basic properties (pAf a = —4.2 ± 0.1) as shown by Epsztajn and Katritzky 
[13): 

(Cllj)fi-NM, no; -—••(CHj)i t5-N-NO,“ 

~'HjO 

1 

It should be pointed out that considerable effort has been made to obtain A- 
nitrohydrazinc from unsubstituted hydrazine. The existing descriptions in the 
literature [66 69) cannot he considered as conclusive. Thus the nitration of 
iV.Af'-dibenzoylhydrazinc did not yield A’./V'-dinitrodibcnzoylhydrazine [69 1 
but an unsymmctrical aa-dinitrobenzoyl benzoate (II): 



o 

II 


This was revealed by Lamberton and Harper [70) . 

Chiral nitramines - derivatives of piperidine show an optical activity accord- 
ing to Ecrbcr and Richardson |14). Symmetrical compound 111 is non-chiral, 
asymmetrical compounds IV and V are chiral and optically active: 




III IV V 


The disputed existence of unstable aci-form of primary nitramines (Vol. II, 
p. 4) seems to be substantiated by Orton as early as 1902 [15]. Acting with 
alkalis on 2,4-dibromo-6-nitro-phenyl-l -nitramine he obtained a sodium salt 
which on acidification yielded a colourless unstable aci-product VI which was 
quickly transformed into the orange nitramine VII: 
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VI 0nnge 

VII 

I he nitramine group attached to the pyridine ring can readily be replaced by 
halogen while acting with nitrous acid and hydrochloric or hydrobromic acid 
[16.17): 



lalik and his co-workers succeeded in replacing the nitramino group with 
different nucleophiles (2) and (3) [18. 1 9 1 : 




Nitramines can react with acids (Vol. II. p. 4). With hydrochloric acid the re- 
action can lead to the formation of chlorides and N ; O according to Lamberton 

■ and co-workers [ 20 ] : 


R NHNOj + MCI 


RCI *■ N , O + Hj 0 . 


'reaction can be used to reveal the presence of the NHN0 2 . Nitrous acid can 
c ^zomethane while reacting with methylnitramine (21). 

rtramines are stable to bases at moderate temperatures, although some of 
^ decompose readily (Vol. II. p. 6). 

• h rU ] lar y n >tramines can be methylated with diazomethane yielding both N- 
y ] and O-methyl derivatives [21] (5): 
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CH, NHNOj (CHj)NN'Oj + CH,N = NOCH, ( 5 ) 

The reaction of nitramines with Q-halogenoethers was studied by Thamer and 
Unterhalt [22| (6): 

CH.CN 


RTHjNNOiNa ♦ CICH,OK* 


NOCI 


R'CH;^ f 

N — NOj ♦ R'CIIj N * N 

R : onif V 


Vh : or 3 


The same authors described a different trend of the reaction with a-halogeno- 
thiocthcrs [23) . 

Primary nitramines react with formaldehyde to yield iV-hydroxymethyl com- 
pounds. Tire reaction is reversible 1 24] : 

RNH + CH ,0 ^ KNdljOH 
I I (7) 

SO, NO, 

The next step is the Mannich reaction (8) 1 24 ) which (as pointed oul by 
Wright [2]) was carried out with nitramines by Franchimont |25| earlier than 
the work of Mannich: 


R M il, 011 + R',NII 


R \ ell, SR*, ♦ 11,0 
I 

NO, 


VIII 


Bases VIII are soluble in water and split Cll 2 0 through the action of alkalis, 
contrary to Mannich bases which are insoluble in water and stable towards 
alkalis. 

By using primary amines R NH 2 Chapman. Owston and Woodcock 1 26] ob- 
tained nitramines with two nitro groups (9): 


: RNH * CH,0 ♦ R 1 Nil, 
NO, 


CM, 

/ 

\ 

CM: 


Also the same authors obtained cyclic nitramines by reacting nitramine 
(NH 2 NO 2 )(10) or pnmar>' dinitramines with primary amines: 
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Nil, NO, *01,0 * RNII, 



Cll,— N-CH, 

/ \ 

O, NN NNO, 

r \ / 

K 


K 

I 

N —CM, 

/ \ 

(*l*i N N -NO, 

N— CM, 

K 


( 10 ) 


A wide range of cyclic nitramines through the reaction of diniiramines with 
formaldehyde and diamines were obtained and studied by Bell and Dunstan 
[27] and Novikov and co-workers [28) . Bell and Dunstan reported reaction (II) 
and formation of compounds IXa, b, c: 


CM, Ml 
I 

CM, Ml 
I 

NO, 


• :sn, mii.o- 




\ 


NO, 

I 

N 

\ / 
N—CH,— \ 


s 


MM>, - ||,s() 4 


\ V: 


* ||\0. 


MS- 

I 

-S 


— N 

\ 

\ — 

x' 


(ID 




n — oi.rit ( ii. 
f II 
o 


O-'-O 


OjN — N Cll, N-NO, 

\ — N— ■/ 

IXc 

DPT 

I V ».l III P ‘>0. XII) 
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Novikov el a\. |28] described a number of cyclic products from the reac- 


, I,J Nl ‘ * 4(H,() •MljKNI!,- 


C'M, Ml 

I 

NO, 


I N “\ /~ N 

1 / " V-J 


k - ICII, | M . ««2-4.r. 


( 12 ) 


Formaldehyde can replace chlorine in JV-chloro-7V-nitramines to form an alco- 
hol 1 29): 


K Ml ♦ 01,0 
NO. 


H»c» 


K \ 01,011 


03) 


The alcohols can be nitrated to yield 0-nitro A'-nitro compounds (X) 

K N 01,0X0, 


According to Major and Denkstein [30) such esters arc unstable, can readily 
decompose and are dangerous on storage. 

Acylation of primary nitramine occurs with great difficulty. Acetyl chloride 
can acetylate potassium or silver sails of primary nitramines with a yield accord- 
ing to White and Baumgarten |3 1 ) . It is rationalized that the difficulty of acetyl- 
ating metal salts of piimary nitramines comes probably from the assumption 
that the metal salts of nitramines arc chelate compounds and not true salts. 

Salts of nitramine can react with fluorine lo yield fiuoronitiarmne, lor 
example. C„H» N F |32| . 

NO, 

Among other different reactions of primary nitramines alkylation should be 
mentioned. Methylation can be earned out with diazomethane and can yield 
methylated products at both: nitrogen (14) and oxygen (1 5) [33. 132) : 


Cll. Nit 1 >l: II, NTH, 


(14) 


C*M$ NH NO, 


C ll,N 


C,H,N«N 


OCHj 


Alkylation can also be carried out with alkyl halides and dimethylsulphate. 
As a rule 0-nitro derivatives arc being formed [34) , viz. (16): 
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R N Ag + RI 


-R N = N— OCHj . 
0 


Potassium and sodium salts of primary nitramines react with compounds con- 

taming active chlorine, for example picryl-A'-chloridc and potassium methvl- 

nitramme yielded tetryl [35] . An interesting application of this reaction is the 

formation of a polymer from disodium salts of dinitramines and bis-A’-chloro- 
mcthylnitrarnir.es [361: 


Cini; N CM, NOI, NCH,C1 4 Na N O |. NTH, S Na 
1 I I III 

NO, NO, NO, NO, NO. NO, 

-Cl CM- / -CII, N- \ -C HjCI * Na(’|. 

\ N<h / 


(17) 


The polymer was suggested as a rocket propellant. 

An important reaction is the addition of primary nitramines to an active 
double bond. This was reported by Kissinger and Schwa, t/ |37| for example 
(loi: 


K Ml ♦ CM, = ( IIK' 


RN fill fll.R 


(18) 


The addition ofo, w-dinitramines to the products of decomposition of nitre 

diol acetates was described by l-euer and Miller |38| . The reaction (1 9) yielded 
a polymer: 

NO« NO, M), NO, 

Na N Cl I, CM. N Na + (’ll, COO CM. C CM ( CM, OCO (Tl» 


^ •j'°* 

- N-CII ,CH, N CM, C II c C 

I 

K 


I T 

H C CM C M, 1 

J ii 


(191 


tide ^ h [39 4 o 5 ° pr ° leC,iVe gr ° Up ° f argininc (Xla) was 1,sed in synthesis of pep- 


O — l ( llidl. ) ( NIK MINO, “ O — ( (111(11,), N||| Ml- 


NH >* XI a Mi; Xlh 

According to N 1 S -NMR in aqueous solution it has nitrimine structure (Xlb) 

niiZZ °"? rring nilramincs havc been described, for example, .V- 
gKunc [41] and 3-nil roaminoalanine [42] . 
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PREPARATION OF NITRAMINES 

The methods described in Vol. Ill, p. 8 remain valid. The only addition re- 
lated to the formation of dinitramines is given below. 


Formation of Dinitramines from Nitroguanidine 

This original method was described by McKay and Wright [43] and McKay 
and Manchester [44]. The method consists in reacting diamines with nitroguan- 
idine to form cyclic products, which after nitration and hydrolysis produced 
dinitramines (20): 


Nil, MCI 

<CH,L * H, NCNHNO- 

\ II 

^NH,HC1 Ml 




NHNO, 



NO, (20) 

I 

N 



By this method 1,2-dinitiaminopropanc. 13-dinitraminobutane and 1,3- 
diamino-2-nitroxypropanc were obtained. For more reactions of nitroguanidinc 
see review |3|. 


Af-NITROENA MINES 

Some of this group of compounds can be subjected to an interesting 1,3- 
rearrangement of TV-nit rocnamines to C-nitro compounds according to BUchi 
and Wiiest [71 ] . 

A simple refluxing of .V-nitroenamine in xylene under an atmosphere ol argon 
gave the reaction (21): 



( 21 ) 


ALIPHATIC NITRAMINES AND NITRAMIDES (Vol. 111. p i 5) 

Nitramine (Nitraniide) 

nh 2 no 2 
m.p. 72-73°C 


ert v«:.» - * 
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Nitramme offered a considerable interest owing to the simplicity of its mol- 
ecule (the simplest .V-nitro compound). 

A cid and base catalysed decomposition of NH 2 NOj has already been des- 
cribed by Hammett (45) who also mentioned earUer works such as that of 
Brtfnsted and Pedersen [46] : 


NH.NO, -^J-N.O + H.O, 
Marlies and La Mer [47] confirmed their results. 




A wide examination of the base-catalysed decomposition 
given by Kresge and co-workers [48, 49] . They suggested tv 
position pathways: 

B+NH-NOjH ^ BIIN NO, H = HHNNO.H ^ RH + * 


thmh pressure 


MM). (V* 


220*0 800 kg/cm* 


EDNA 


miration fuming nitric acid was used and the overall yield was 70% which 
le product reasonably cheap. 
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Physical and Chemical Properties 

Pure EDNA has a m.p. of 177-179°C but begins to decompose at 175°C. 
Structure by X-iaying was determined by Llewellyn and Whitmore [52]. 
Atomic centres are confined (according to this analysis) to laminae paralleled to 
(001) approximately of 1 .72 A in thickness. The length of bonds arc: NO 1 .21 A 
(as in nitromethane), C-C 1.52 A. C-N 1.41 A. N-N 1.33 A. The short N-N 
bond is probably due to positive charges on both N atoms, as has been pre- 
viously pointed out [11]. 

Specific gravity of crystals is 1.71 and the density of the pressed substance 

is: 


at 350 kg/cm 2 
700 
1000 
1400 
2800 


1.28 

1.38 

1.44 

1.49 

1.56 


The solubility is given in Table 60. 

TABLE 60. Solubility of EDNA 


Tempcniuic 

°C 

Water 

Solvent 

Ethanol 

20 

0.25 

1.00 

40 

0.75 

2.46 

60 

2.13 

5.19 

78 


10.4 

80 

6.38 

— 

100 

20 



The action on metals has also been described [51] : dry EDNA did not attack 
copper, brass, aluminium, mild steel, stainless steel, nickel, cadmium or zinc, 
whereas wet EDNA strongly attacked all the above metals with the exclusion ot 
stainless steel. 

EDNA is reactive owing to the presence of two primary ; V-nitro groups and 
according to Goodman [53] can readily form the imidazol ring: 


NO, * NO, 

paraformaldehyde 

: I , CHj 

CH,— NH rCO’C. H,S0 4 (90%) CM,— N' 

\ \ 

NO, NO, 


(25) 


EDNA is decomposed by hot dilute sulphuric acid (Vol. II, p. 20) and 209c 
NaOH [51]. 
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Explosive Properties 

css ““ * - - - 

Ihus initiation temperature is: 

1 75° C after the induction of 5 sec. [541 
or 1 89^ C after the induction of 5 sec. 

2,6 e C afler lhe induction of 1 sec. [51] 

265 o C after the induction of 0.1 sec 
and 202°C on the basis of the differential thermal analysis [55], 

The sensitivity to impact is similar to that of TNT 
40-50 kc^mo, SIate ,hC dCCOmp ° si " l) ' 1 foUo - * ^ain mechanic with E = 

‘Szsss^sz&s: g - 

A 


CH a — N-NOH 
CH a — NH 


— N a O 


NO- 


CIljNMNO, 

| - Wl, NO, 

01,0 


Cl I, OH 
01,011 


I26| 


01,010 


"eat of combustion (57) was found to be - -2464.6 keal/ke 
of explosion' nTeTd/kg^nd “ d “ Cp ' ?6 kcal ' k * I 58 l- Hmi 

i—toSS SET* “” dlng " ' s "i «» «- ./ 

!■“ 6105 m /3 

6800 

1-35 7130 

i ' 5, i *» *■ «- 

diameter. ” 1 or pressed ’ unconfined charge of 25.5 mm 
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Ficheroulle also described mixtures of EDNA with ammonium nitrate. The 
stoichiometric mixture of 42.8% EDNA and 57.2% NH 4 N0 3 gave the velocity 
of detonation 6185 m/s at density 1.35 and lead block 1 13.5% of picric acid. 
Specification of EDNA for US Army of 1943, amended 1947 [51] is as 

follows: 


Moisture: 

0.1% max. 

Colour: 

white or buff 

M.P.: 

Purity 

(by dissolving in 

174°C min. 

aqueous NaOH): 
Insoluble matter 
(by dissolving in 

99% min. 

boiling water): 

0.1% max. 

Granulation: US Standard Sieve No. 10 100%. min 

US Standard Sieve No. 100 20% max. 


NITROGUANIDINE 

Nitrogmnidinc became an important ingredient of treble base powder con- 
taining nitroccllulosc-diglycoldinit rate— nitroguanidinc (Vol. Ill, p. 664). 

Nitroguanidine was subjected to some theoretical work, such as that dedi- 
cated to elucidating the structure: 


^NHNO, ^NII, 

< = NH and C ■ N NO,, i c nmamiro and nitriruno forms respectively. 
^NH, ^NH, 


X-ray analysis carried out by Bryden and co-workers [59] favoured the 
mtrimino form. Also NMR analysis of Richards and York [60 1 showed that the 
solid nitroguanidinc exists in the imino form. Owen [61] calculated the MO of 
several compounds containing nitrogen and among them nitroguanidinc and 
came to the conclusion that the calculated imino form fits better to the experi- 
mental values, as shown in Tabic 59, with the diagram of bond lengths. The 
imino structure was also confirmed by Kumler and Sah [62] measurement and 
calculation of dipole moment. 

It is currently accepted that in the solid state nitroguanidinc is in the imino- 
form, but in a solution both forms are present and are in the equilibrium [63]. 
Kemula and his co-workers [64] examined the change of the ultraviolet absorp- 
tion spectrum with the change of pH. The spectrum so far published revealed 
two maxima in aqueous or acid solution: 210 and 265 nm (Vol. II, p. 25, Fig. 
4). Kemula et al. found 246 and 264 nm. The same frequencies are in the alka- 
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line medium of pH - 2-1 2, but in the solution of 1 .5 M NaOH the longer wave ab- 
sorption disappeared and the shorter wave band gains intensity (Fig 52. Vol. Ill ) 


246 nm 


264 nrr \ 


\ 

\ 

I 51V 
NaOH 


t»H 2 12 


230 24 0 250 260 270 ?80 


88 - 




HG. 52. Ultraviolet spectra of nitroguanidine (see Vol. III. p 25. Fig. 4 » 

Reactions of Nitroguanidine 

ni| Vcry little can be added to the description of the chemical properties of 
■Iroguanidine described in Vol. III. p. 25. Some or the reactions with nilto- 
guanidine leading to dinitramine were given on p. 361. 

Nitroguanidine in concentrated sulphuric acid can be used as a nitrating agent 
in rough the reaction: 


/NHNOj 

C=NH 4- Hj S0 4 
'NHj 


/ nh,-hso 4 

C-NII 

^NII, 


NO, + 


(27) 


l ° 1 >5-dinitroanthraquinone by T. Urbansk. 
and the yield 67% ' ^ ,emperature of ni,rali ° n was 110-I20°C for I hour 
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Specification according to Meyer f 72 / 

The existing specifications describe nitroguanidine as a white, free flowing 
crystalline powder of two types. Both types should correspond to the following 
requirements: 



Ash content 


0.30% max. 



Acid content (as H ; 

t S0 4 ) 

0.06% max. 



Volatile matters 


0.25% max. 



Sulphates 


0.20% max. 



pH 


4.5 -7.0 



Typel 





giain size 


4.3 -6.0 p 



net content 


min. 98% 



Type II 





grain size 


3.3 p max. 



net content 


min. 99%. 



TABU: 61 Nitroguanidine (bond length) 


Bond 

Niiumino Form <l) 

Nitramino 

Form (II) 

llieor. 

Kxper. 

Tlieor. 

lx pei 

C NH* 

1.36 

1 36 

1 37 

1.36 

C-N 

1.35 

1.34 


C Nil 



1.32 

1.36 

C- Nil 



1.38 

1.34 

N N 

1.29 

1.35 

1.31 

1.35 

N-O 

1.23 

1.22 

1 22 

1.22 


Ml, 

Mil 


\ 

\ 


t *N\ 

X N-<> 

// 

/ 

/ 

/ 

Nil, 

Ml 


O 


O 

1 


II 


MTROAMINOGUANIDINE 

Nitroaminoguanidine can be obtained by acting with hydrazine on nitro- 
guanidine | 168. 184]: 

Ml Ml, 

/ 

1 —Ml 

\ 

Ml Ml. 


111 |> IX«.-|X?"( 

Ml NO. 

/ 

( =MI ♦ Ml, Ml, 11,0 

\ 

Ml, 


NIINO, 

/ 

f * Ml ♦ Ml, ♦ H,0 
\ 

Nil Ml, 



(28) 
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By reacting with nitrous acid in acetic acid it yields 5-aminotetrazole [185] 
Aminotetrazoles are related to initiating explosives obtained from amincguan- 
idine (Chapter XVII, and Vol. Ill, p. 206). 

Rl 

Nitrimines ( Rl ^_- C = N- NO, ) 


The chemistry of nitroguanidine and the work of Biichi are related to the 
chemistry of nitrimines, that is, compounds containing ;C=N-NO, group. The 
structure of this group was given by Scholl [75], but was subject to criticism 
and a few structures were suggested by I-usco and Tnsoglio |76) and Freeman 
1 7 7 J • Fweman found the confirmation of the nitrimino structure by ultraviolet, 
infra red spectra and the transformation of the group into the primary amino 
group by reducing with potassium borohydride: 


■N-NO, NHNO, 


NITRODIETHANOL AMINE DINITRATE (DINA) (Vol. 111. p. 36) 

This interesting compound was investigated by French chemists who gave 
therm ochernical properties: heat of combustion - A// c = 577 keal/mol and heat 
of formation - A// f = 70,5 kcaJ/mol. (89) . 



Preparation 

Desseigne [88) added some information to the method of (i. F. Wright et 
al. (Vol. Ill, p. 36). Here are the main points of the process. 

A nitrator was Tilled with 170 parts of acetic anhydride (99%) and 1.4 pails 
ol hydrochloride of diethanolamine dissolved in 4 parts of acetic acid. Diethanol- 
amine (52.5 parts) and 107 parts of nitric acid (97%) were added keeping the 
temperature at 10 1 5°C. After that mixing had been continued for 10-15 min. 
the product (DINA) began to precipitate. All was poured on ice (200 parts), fil- 
tered and washed with water followed by washing with hot 0.257c aqueous solu- 
tion of sodium carbonate. At the end the solution should be neutralized with 
acetic acid. The product was finally purified by dissolving in acetone and precipi- 
tating with water containing a small amount (ca. 0.3%) of ammonia. 

The yield was 108 parts, i.e. 90% of theoretical. 

The m.p. of the product was 50.1 5 c C. 

The rate of detonation is 7730 m/s at density 1.60 and 7580 m/s at 1.55. 
block 146% of picric acid. It shows a lower stability at 100°C and higher 
sensitivity to impact than tetryl [90] . 

Uazkova [92) in her monograph described experiments of burning DINA 



and the influence of various additions. The addition of dichromatcs of cations 
(particularly of potassium dichromate) increases the rate of burning. 


D1NITROD1 (^HYDROXYETHYUOXAMIDE DINITRATE (NENO) 

(Vol. Ill.p. 37) 

Desseigne [91) repeated experiments of nitration of the amide (Xlla) in two 
steps 


< 0 Mil’ll, ( II. on 

I 

m MU 11,(11,011 
Xlla 



( O NIK II, UljONO, 
CO NIK II, < H.ONO, 


(29) 


Ml, 

I 

( OS< 11,1 l|,OM), 



< ON < M, ( 11,0X0. 



The nitration was difficult and required the use of nitric acid with 60 % oleum 
at 25°( with an overall yield of 75%. Compound XI lb can dissolve nitrocellulose 
and could be used according to Desseigne in double base propellants. 


AROM A! 1C NITRAMINES 

Aromatic nitramines can be subjected to ‘Bamberger rearrangement' des- 
cribed for the first time by E. Bamberger in a number of papers since 1893 
|78. 79) : 


NHR MIR 



NO, 


Bamberger advanced a hypothesis that the nitration of the aromatic ring of 
aromatic amines begins by A'-nitration followed by a subsequent rearrangement. 
The hypothesis was examined by Holleman and co-workers [80) who concluded 
that ring nitration does not always proceed by way of an initial ^-nitration. Also 
Orton with co-workers studied the mechanism of the reaction in a number of 
papers [81]. He concluded that the Bamberger rearrangement is an acid cata- 
lysed reaction. 
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Hughes and co-workers [82, 83] in a number of papers examined the mech- 
anism of the reaction by using nitrogen isotopic [ 15 N| and [ 2 H] label. They 
came to the conclusion that the Bamberger rearrangement is an intramolecular 
mechanism. Tney rationalized it in terms of the formation of nitrites: 





U S chcmists [84| examined the action of 0.1 N hydrochloric acid on .V- 
methyl-A'-nitroaniline at 40°C and obtained: 

ca. 52%o-nitro-.V-mcthylanilinc 
3 1 % p-nitro-.V-methy ianilinc and 
7%A'-methylaniIinc. 

Nitrous acid (ca. 13%) was also formed. 

They also came to the conclusion that the rearrangement is an acid catalysed 
reaction. 

TETRYL CVol. Ill, p. 40) 

!n the course of the last few years the significance of tetryl has been con- 

erably reduced. With the advent of Cyclonite (RDX) and PETN. tetrvl is 

osmg its significance and in the U.S.A. it was withdrawn from use. Also com- 

Pounds similar to tetryl with A'-methyl-AT-nitro side group have aroused less 
Werest lately. 

Nevertheless a lew published papers have appeared mainly referred to thermal 
firm * '‘J POS,t,0n of the su fislance. Former data (Vol. II. pp. 52-53) were con- 
skii vi m gCnera1, but com P ,et ed by more detailed experiments. Thus Dubovit- 
• lerzhanov and co-workers |85) examined the influence of the density of 
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loading ( m/v , where m = the mass of the substance, v = the volume) at 150°C. 
Some of their results are shown in Fig. 53. It can be seen that the density has 
little effect on the rate of decomposition. The gases evolved were composed of 
NOj.NO and N 2 - High (1) and low (3) density. 



FIG. 53. Thermal decomposition of tetryl |«5) m/v in p/cm 3 . 10" 4 ; I 
353.5. 2 49.4. 3 0 (removal of gases). 7/ (degree of decomposition). 


Hara. Kamei and (>sada |86| obtained similar tesults. Among the gases from 
the decomposition of tetryl they also found methane. They carried out the 
experiments at temperatures from 150 to 175 c C. By differential thermal analysis 
they found the endothermic (negative) peak at 1 3 1 °C due to the melting of the 
substance and exothermic decomposition occurred at 160°C. They calculated 
the activation energy as being 35 kcal/mol. This is in agreement with formerly 
obtained results (Vol. Ill, p. 53). 

Pre-heating of tetryl increases the rate of burning of the substance. This was 
already shown by Andreev (Vol. Ill, Fig. 6). by his later work [94) and sub- 
stantiated by M. M. Jones and Jackson [87] and Japanese authors [86]. The 
latter authors found for example that preheating the sample to 180°C lowers its 
m.p. by 20°C and the decomposition temperature by 1 2°C. They also examined 
the samples of tetryl heated at 165°C for 3 hours: by liquid chromatography, 
by TLC, NMR and mass spectrography. They found that 2,4.6-trinitroanisol 
and picric acid are formed on the thermal decomposition of tetryl at 160- 
200° C. 

Burning of tetryl is discussed in the monograph by Glazkova [92] and refer- 
ence is given to the early work of Hinshelwood [93] who pointed out that 
thermal decomposition of tetryl produces picric acid which plays the part of a 
catalyst of the decomposition. The rate of burning of tetryl under pressure in- 
creases by addition of potassium bichromate, according to Glazkova [92] . 

Thermal decomposition of tetryl was reviewed by Dubovitskii and Korsun- 
skii [4]. 


372 


A'-NITRO COMPOUNDS 


373 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 
HETEROCYCLIC NITRAMINES (Vol. Ill, p. 77) 

Cyclonite (Hexogen, RDX) (Vol. Ill, p. 77) 

Cyclonite (RDX in Anglo-Saxon literature, that is. Research Department 
Explosive) 1 ,3,5-trinitro-l ,3,5-triazacyclohexane is at present one of the most 
important explosives. Over the last two decades extensive literature has been 
dedicated mainly to its analysis and application. 


Spectroscopy of Cyclonite 

Electronic spectrum of cyclonite has been examined by a number ol authors 
[7 100, 101] who found a maximum at 202 nm and a shoulder at 236 nm. 
Later examination of spectra 1102] confirmed these results for cyclonite dis- 
solved in ethanol. In methanol they were slightly different: 204 and 234 nm. 
Infra-red spectroscopy was given in the monograph of Bellamy [103) . 


Structure 

The structure ol RDX has been characterized by X-ray analysis |9S| Dipole 
moments measurements to establish stereochemistry of nitramines have been 
extensively used by a few authors G. F. Wright |96|, Calderbank and Picrens 

I he latter authors |97| found that the chair calculation 22.27 D corres- 
ponded best to experimental value 1 9.1 I) (boat conformation and twist boat 
conformations gave calculations 5.81 I) and 7.04 1) respectively). Calderbank 
and herein also measured and calculated the Kerr effect (electric birefringence) 
and found the calculated value for chair conformation ( 2868) fitted best to 
the experimental figure (-2102). Die boat and twist boat conformations gave 
figures distant from the experiments (+172 and +164 respectively). The con- 
clusion of these authors was that the preferred conformation of cyclonite corres- 
ponds in 70% at least of chair. 

Dclpucch and Chcrville |98| calculated electric charges in cyclonite bv 
( NIX) method [99] The results arc given in Fig. 54. 
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MG. 54. Electron density of cyclonite 1 98a I 


Chemical Properties 

Contrary to aromatic nitro compounds cyclonite docs not readily give ad- 
ducts. No charge-transfer complexes are formed with amines. Selig [104] estab- 
lished the existence of an adduct of cyclonite with hcxamcthylphosphoric tri- 
amidc(HMPT). Another complex with tetrahydrothiophene-1 ,1 -dioxide (sulfol- 
ane) was described by French authors [105, 106] . Recently Selig [107] re- 
potted that a number of hctcrocyclics with nitrogen or sulphur could form the 
adducts. Relatively stable equimolar complexes were obtained with: 


O I’ | Nil 11,1.1 


Q 

o • ■ 


XIII 


MV 



O' 
Sl " \, 


XVI 


O 




(I 

XVII 



XIII HMPT.XIV - Sulpholane, XV — Tetrahydrothiophene-1 -oxide, XVI -1,4. 
Butane sultone, XVI! - 2.6-Litidinc-A-oxide, XVlll-2,2,6,6-Tetramethyl4- 
pipcridone-l-oxyd. 

Compounds XIV and XVIII arc- ‘selective’ to hexogene: they do not form 
adducts with octogene, whereas all others form adducts with both: hexogene 
and octogene. 

Cyclonite is decomposed in concentrated sulphuric acid and the decom- 
position yielded most likely nitronium ion (Vol. Ill, p. 81). This is evidenced by 
the fact that a solution of cyclonite in sulphuric acid can nitrate aromatic com- 
pounds. 

Thus Holstead and Lamberton [108] obtained p-nitroacetanilide with a 45% 
yield when acting on acetanilide with a solution of cyclonite in 95% sulphuric 
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acid. T. Urbariski and Zy/owski (65) nitrated anthraquinone with the same solu- 
tion at room temperature for 24 hours. The yield of 1,5-dinitroanthraquinone 
was 36%. 

Croce and Okamoto (109) described a cationic micellar catalysis (Chapter 
IV) or aqueous alkaline hydrolysis of cyclonite (and octogene). Denitration 
occurred in the presence of ethylhexadecyldimethylainmonium bromide. Liquid 
chromatography was used as the analytical method (32): 



1 ,3,5-7 riaza-3,5-dinitrocycIohexene-l-cnc resulted. 


Thermal Decomposition 

Thermal decomposition of cyclonite was investigated by numerous authors 
(also Vol. Ill, p. 83): [110 115). Maksimov [il!| described several experi- 
ments of decomposition of cyclonite and octogene as solid substances and in 
solution. The energy of activation was calculated as E = 52.0 kcal/mol. log,„ 

Figure 55 shows the decomposition of cyclonite in solution in m dinitro- 
benzene at 160-200 C. A concentration of 4% was used with the exception of 
the sample examined at !90°C where the concentration was 13%. The energy of 
activation was £=39.7 kcal/mol, log, 0 B = 14.3. One of the conclusions of the 
authors was that cyclonite decomposes faster in solution than as a solid. This is 
l" an agreement with existing views that explosives in a liquid form decompose 
aster than solid due to the transition of the solid to a higher energy liquid state 
(experiments by T. Urbanski ei at., Vol. II, pp. 181-183). According to Mak- 
simov the decomposition of hexogene at 180 3 C in solution is 16 times faster 
man in the solid state. 

Cosgrave and Owen (115) and Debenham and Owen (170) studied the de- 
com posi t ,on of cyclonite at 195°C and 173-184°C respectively. They came to 
conclusion that the initial decomposition takes place in the vapour phase and 

cv r°r d by 3 m ° rc rapid dccom P°sit»°n in the liquid phase (e.g. a solution of 
cyclonite in 1,3,5-trinitrobenzene (170)). 

folio a *° r produc,s wcre: hydroxymethyl formamide and its polymers. The 
wing is a list of products of the decomposition: N 2 , N 2 0, NO, C0 2 . CO. 

ahnvo * 2 * 1,2 HCOOH, NH, , NOj , N0 2 and the polymer mentioned 
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They gave a simplified presentation of the thermal decomposition of hexo- 
gene (33): 

O.N^^./NO : O.Nv^v^.. °'%Ah 


vy^VY 

i i 

NO, NO, 


C,Nv . 

N NH 
CH, I 

ChO 

I 

o^ N 


| *n; 

Clio 

♦ CH,0 

(33) 


O.N 


oi, 


N' 

I 




•o 

« CH,0 


N, O ♦ OllomSHCHO 


JCH,0 


( 1 1, ( Nil I(CO), (CH,),N 

— • 1 11,0 


NO, 


Other work on thermal decomposition of cyclonite was done hv Wilby 1 1 7 1 1 . 
Rosen and Dacons |172), Rauch and Fanelli (173) and Batten 1 1 74 1 . 

Recently Kishorc and layc (116) examined thermal decomposition of 
cyclonite by differential scanning calorimetry. The curves of the decomposition 
arc of an *S* shape (similar to those of tctrvl Fig. 53). Isothermal curves are 
similar to Figs 55 and 56. The author calculated the E value of decomposition 
of cyclonite in an open vessel as being 41 i 2 kcal/mol. They also reported the 
values of E obtained by other authors. In addition to those given in Vol. HI, 
p. 83 (by Robertson), they are those of: 

Rogers and Morris (117) 67.5 kcal/mol 
Adams (118) 45.5 kcal/mol (203.5-261°C) 

Batten and Murdic [119] 67.0 kcal/mol (1 79- 200° C) 

Hall (120) 45.2 kcal/mol (210- 261°C). 


190 



FIG. 55. Thermal decomposition of solid cyclonite 1111). 
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Kishorc concluded that the figure closest to 45 keal/mol was the most reli- 
able. The order of the reaction is 0.6 according to the same author. See also the 
review article of Dubovitskii and Korsunskii [4 ) . 


Preparation of Cyclonite (Vol. III. p. 87) 


Nitration of hexamine. Very little can be added to the mechanism of the re- 
actions leading to cyclonite. as given in Vol. III. 

With regard to the nitration of hexamine with nitric acid Singh [121) brought 
a small change to the charge distribution in compound (Vlb Vol. III. p. 89). 
and Lamberton et ul. [122) added some more information on compound XIX 
(the same as la, Vol. Ill, p. 91). 

Bell and Dunstan 1 1 23 ) subjected reactions of hexamethylenetetramine with 
nitric acid, at various temperatures, to a detailed examination. Addition of 
water to nitrolysis solution obtained by the action of nitric acid (98%) on hex- 
amine at —30° C yielded P.C.X., that b 3.5-dinitro-3,5-diazy-l-azoniacyclo- 
hexane or 3,5-dinitro-3,5-diazapiperidinium nitrate (XIX) (Vol. Ill, p. 91, la). 
The nitrolysis mixture kept at 0 c C for 2 hours yielded 83% RDX and traces of 
the linear compound: derivative of tetra-azanonane (IX of p 89. 91. Vol. III). 

Acetic anhydride reacted with hexamine by nitrolysis to yield RDX, and 
bnear derivatives of 2,4,6 trinitro-2.4,6-tria/aheptane: diacetoxy compound 
(Vol. III. p. 91 , XV and dinitroxy (XX): 



NO; SO, NO, 

1 1 I 

O.NOCII, -N-CII.-N-Ot, N - ( lljONO, 



« 


A small quantity of linear dinitroxytetra-azanonan (IX, Vol. 111. pp. 89,91) 
was also formed. 

By adding aqueous sodium nitrite to the nitrolysis mixture at -30°C. 75% 
yield of l,3-dinitro-5-nitroso l ,3,5-triazacyclohexane (XXI) was obtained. 

An interesting reaction was found when cold (-30°C) nitrolysis mixture was 
treated with methylenedinitramine ni 2 (0N0 2 ) 2 and aiter that kept at 30 ( 
for 15 min. The yield of RDX was almost doubled from 82 to 145% calcu- 
lated on the basis of hexamine —♦one mole of RDX. 

Larger ring nitramines homologues of RDX - were obtained by adding 
dinit ramines such as ethylene and trimethylenedinitramine. Homologues of RDX 
with cycloheptane and cyclooctane ring resulted. 

These experiments suggested that bis(nitroxymethyl)aminomcthyl inter- 
mediate (XIII. Vol. III. p. 91) can be a probable precursor which upon nitrating 
to dinitrate and reacting with methylenedinitramine eventually yielded RDX 
according to scheme (34). 
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Preparation of Cyclonite from Hexamine Dinitrate Acetic Anhydride 

The methods by W. E. Bachmann (in the U.S.A.) and Koffier (in Germany) 
Vol. Ill, p. 11 1 have now received particular attention in view of the fact that 
the route with acetic anhydride can lead to the formation of Octogene (MMX). 

Reed [124) described the reaction of hexamine, nitric acid, trifluoroacetk 
anhydride in the presence of liquid SO- which is a very good solvent for hex 
amine. The reaction yielded (85%) l-trifluoroacetyl-3,5-dinitro-l,3,5-triazacyclo 

hexane, m.p. 131-132°C. 
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Explosive Properties of Cyclonite (Vol. Ill, p. 84) 
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Little can be added to the information given in Vol. Ill as regards explosive 
properties of Cyclonite. Interesting information was recently given by Institut 
Franco* Allcmand dc Recherches de Saint-Louis, France (186). The rate of de- 
tonation of single crystals of cyclonite was found to be different along different 
crystal axis: 

(001) 8700 rn/s 

(110) 8587 m/s 

(111) 8437 m/s 

I. Urh.iriski and (.alas (187. 188) examined the influence of non-explosive 
liquids on the velocity of detonation of cyclonite. The results with two liquids: 
water and glycerol are collected in Table 62. The shape of the curve: velocity of 
detonation against the proportion of liquids is much the same as for IT l*N and 
liquids as depicted in Fig. 42. 

I Mil I Detonation ol t-ycloniu- with water and ghvero 1*7. I SKI in \;ecl tubes 

20/2* inm diameter, dcronalor No 8 «uh tup H TN 

KjIc ol detonalion 

Proporii.i'i Density m/s Dilicrcruv 


ol ll'ltll.l 

lotal 

Rc.il 

Olrsc'ved 

Jl dentil} fir 

■V K 

W.lkM 

P 

f* 

» o 

», 
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1 45 

1 45 

7705 

7705 

0 

in 

1 45 

t 31 

7235 

72X0 

45 

2« 

1 45 

1.16 

7775 

*s:o 

935 

.to 

1 45 

1.02 

7070 

6365 

705 

< dyccrol 

lit 

2d 

1 4(1 

1.26 

7 360 

7125 

235 

1.40 

1.12 

7 505 

6685 

H20 

.hi 

1 40 

0.98 

7 875 

5240 

1635 

35 • 

1.40 

0.91 

7740 

6015 

1 725 

40 

1 40 

0.K4 

7555 

5790 

1765 


Apin and Velina (189) also examined the velocity of detonation and the 
Pressure of detonation ol explosives with water. Apin. Pcpekin ct al. 1 1 001 sub* 
Kcted the cyclonite water system to a detailed thermochcmical examination. 

liiey louiid a straigJit line increase of the heat of detonation against water 
content from 0 to 24 % of water: 1380 cal/g of dry substance and 1187 cal/g 
w| a mixture of 76% cyclonite and 24% water. This gives a calculated value for 
l,K ‘ (,r - v substance 1565 cal/g. It corresponds also to the maximum of the in- 
Crcasc the velocity of the detonation V 0 - V r (Table 62) ) 187, 188). Further 
addition of water (above 24%) docs not increase the heat of detonation (190) 
and the increase of the velocity of detonation V 0 -Y r drops (187. 188). 


Apin, Pepckin et al. 1 190) explain the phenomenon of the increase in the 
rate of detonation by adding water in the following way. The liquid plays the 
part of a confinement which prevents the dispersion of the products of deton- 
ation and prolongs the time necessary to complete the reaction in a similar way 
to the action of a confinement. This is certainly true but according to T. Urban- 
ski 1 187 188 1 the importance of the covolume (191 ) should also be taken into 
consideration. Another factor which should be considered is the increase of 
entropy (S)and (iibbs free energy (G = ll-TS) which is higher in a mixture than 
in the individual ingredients and T. Urbanski (192) advanced an hypothesis that 
the high entropy and free energy play an important part in properties of ex- 
plosives such as their rate of detonation and sensitivity to impair. Accoiding to 
T. Urbanski the high entropy and free energy of mixtures is one of the factors 
which increases the rate of detonation of a solid explosive by adding a non- 
explosive liquid. 

• 

Manufacture of Cyclonite (RDX) according to Mario Riazzi S. A. 

(Veveyf 1/25/ 

This process consists of continuous nitration ol hexamine with nitric and 
(98.5%), continuous ‘decomposition* ol the secondary products formed during 
nitration and continuous filtration of l<I)X from its spent acid. 

The hexamine, dried and silled is fed into the first nitrator with a constant 
feeding rate. The nitric acid is fed from a constant level ovcihead tank. The feed- 
ing rate is regulated by the remote control ol a pneumatic valve. I he contents 
of the first nitrator continuously overflow into the second and then to the third 
(last) nitrator 

From the last nitrator all overflows to the decomposing vessels. Decompo- 
sition is initiated by filling the first decomposer with some of the nitric acid 
(50%) obtained from the absorption of the nitrous gases evolved during decom- 
position. The RDX crystallizes out and is continuously separated by vacuum 
filters. The RDX cake is flushed on the filter with cold water. The dilute nitric- 
acid goes through the filter into an intermediate vacuum tank equipped with a 
strainer retaining all the RDX which may escape from the filter. From Ihc tank 
the acid is pumped into storage. Ilic acid washing water is collected in a separate 
tank from where it is evacuated b>' pumping. 

The RDX cake washed from the filter cloth is continuously evacuated into a 
slurrying tank where it is mixed with water and transferred by means ot water 
injector to another building. Reactors are cooled with Freon I 2. 

During nitration gases arc evolved. They are drawn from the equipment 
vessels by means of a fan to a tower where they are met with water in a counter- 
current. 

The acid RDX/wat er slurry flows into a continuous vacuum filter, the trans- 
port water is drawn through the filter into an intermediate tank with a strainer 
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to retain traces of RDX. From the filter RDX falls into a suspension funnel with 
aqueous sodium bicarbonate. The suspension flows into the stabilization battery 
made of a series of steam injectors separated by cooling elements. The injector 
stabilization battery removes the occluded acid. The injection of steam reduces 
the size of crystals and removes the acid. 

From the stabilization battery, the RDX/water mixture flows to the phleg- 
matizer or to a continuous filter. If RDX is phlegmatized, this is done in three 
jacketed and stirred vessels where crystals are coated with wax. Ihe molten 
wax is added to the first phlegmatizcr and is hardened by cooling in the second 
and third vessels and finally filtered. Moisture content (both un phlegmatized and 
phlegmatized) - 10%. 

Specification for Hexamine 'Nitration (hade* 

Moisture max. 0.2% 

Crystal size: over 500 p max. 30% 

300 500 p 70 -85% 

less than 200 p max. 10 % 

Dust, sulphates, chlorides, heavy metals absent 
Water insoluble max. 0.10% 

Ash max. 0.03% 

Consumption lor 1000 kg RDX 
Hexamine 866 kg 

Nitric Acid (calculated as 100%) 8530 kg 
Process water 21000 kg 

Pltlcgmalizing agent according to requirements (sec below ) 

Neutralizing agent (Nal ICO, ) 3 5 kg. 

Steam 4500 kg 

Meet lie energy 1440 kWh 

Compressed air 100 Nm 3 

Specification foi RDX is according to II. S. Standards for type A product. 
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Granulation. For boosters hexogen should pass through a 0.75 mm sieve (DIN 
8), for ignition charges through a 0.60 mm sieve (DIN 10). 

Loss of Weight: should not exceed 0.1% ol 10 g sample for 5 hi at 100°C. 
Sulphate and Chlorine should be absent. 

pit should be below 7.5. Formaldehyde only trace. Acidity: 10 g sample 
should not use N/20 NaOII more than 3.0 cm’ for F-Salz. 2 0cm l I'm SI I- and 
K-Salz. 0.3 cm 3 for rccrystallizcd W- and K-Sal/ and any oilier kind of Hexogen 
for detonators ami percussion caps. 

Aceton insoluble max. 0.1%-. I20V Kl lest no disci »l< nation aflci 10 
min and only slight discoloration after 20 min. 

U S A. Specification ol 1963 covers two types ol RDX ami light classes ki-.cd 
on uses and granulation. 


Ty pe A made by the nitric acid method. 

Type It made by the acetic anhydride process. 


roper ties 

1 ype A 

1 v pc It 

m.p. 

200° C 

I'm i 

Aceton insoluble max. 

0.05 

(MIS 

Inorganic insoluble max. 
Particles retained on US Std. 

0.03 

0.0* 

Sieve No. 60 max. 

5 

5 panicles 

Aciditv max. 0.05 

% as UNO, 

max 11.02% as < II, < OO! 


For the use of various classes ol the fineness see I ncyclopcdia 1 1 2<*| . 

Disposal of Waste Cyclonite / 126/ 

A five per cent solution of NaOII should be brought to boiling point by in 
jeeting steam. Cyclonite should be added in small portions Auer adding all tin 
cyclonite boiling should be continued to be discharged into a sump. 


Specification for Cyclonite (Hexogen) 

According to the Fncyclopedia of Fcdornfl and Slid Held |126| the specifi- 
cations lor Cyclonite in Germany and in the U.S.A. are as follows. 

Germany (Vol. III. p. 105). Hexogen should be crystalline, dry. colourless 
mid screened. Hexogen intended for use in detonators and percussion caps 
should be purified by crystallization (e.g. from nitrobenzene). Hexogen intended 
lor phlcgmat i/a lion and used in boosters should contain water. 

Melting point: (a) for W-, K- and SH-Salz (Vol. ilk p. 104) m.p. should be 
above 20U°C, (b) for F-Salz above 190°C\ 


Toxic Properties of Cyclonite t Vol. ill. p. 86) 

More information was collected on toxicity ol Cyclonite. I.xpei intents with 
animals confirmed earlier findings of convulsions caused by Cyclonite. I he im- 
portant observations on humans wcic: the same effects were caused by inhaling 
the dust of Cyclonite and one fatal accident has been recorded [ 195 1 . 

EXPLOSIVES WITH CYCLONITE AS A MAIN COMPONENT 

Tire Encyclopedia of Explosives (169) classifies the explosives with cyclonite 
into three groups: A, B and C. 
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Group A consists of cyclonite desensitized with waxes, this was orifunallv 
used during World War II. In Great Britain cyclonite was desensitized with 9% 
beeswax In Germany Montan was used (Vol. Ill, pp . 105, 113) in quantity 
5-10%. In the U.S, synthetic waxes are used: compositions A3 and A4 arc 
composed of 91% RDX/9% wax and 97% RDX/3% wax respectively. The com- 
position A3 was made by heating a water slurry of RDX to I00°C and adding 
the wax with a wetting agent. After the wax melted, all was cooled, filtered and 
dried at 75 C. Composition A5 contained 1 .0-1.5 stearic acid (Tvpe Dor 1 6% 
sleanc acid and 0.4% graphite (Type II). ' ' ' 

Aluminized composition A of 92% RDX and 8% aluminium was originally 

shock *" an " Ul " PiCKin8 Sl,CU ' bU ‘ W3S fOU " d 10 bC IO ° sensi,ive 1,1 

Group H are castable mixtures of RDX, TNT and some of them were known 
as Cyclitols. Various proportions of RDX and TNT were used, for example in 
Germany during World War II: Cyclitols 50/50, 53/47 for bombs and demolition 
charges, cyclitol 60/40 for some shells, cyclitol 20/80 containing 20% cydon- 
Ilc, 802? T NT and the addition of 1% Montan wax. 

Hie ll.S. A. used mixture cyclonitc/TNT in proportion 60/40 with l%of syn- 
I,K,IC wax addcd (composition 13) or without wax (composition 13-2). Other 
compositions ol cyclonitc/TNT were: 75/25, 70/30 and 65/35. The rates of de- 
tonatio" vaned Iron, 7840 m/s (composition II) to H060 m/s (composition 
W/30). the densities were: 1.68- 1. 71. 

Croup C arc plastic explosives (Plastic explosives in Great Britain Fxplosifs 
plasliqucs in France, Plastit in Germany). 

U.S. Composition C contained after several modifications, such as Com- 

H ( i'i : T' 0ni ' e 7?% - DNT l09f - MNT S *. TNT 4%, Tctryl 3% and Ni.ro- 
1 TI|C ljsl llvc ingredients served as a plasticizer It gave lead block 
test 117% ofT NT. || could withstand being plastic between -29° and -t-77°C. 
(omposition C-4 developed by Ottoson and Lerner (according to 1 1691 Icon- 
; . a "' S 9 % cyclonite and 9% of the plasticizer composed of 5.3% di-(2-etliyl- 

t between*- 57 ®' + 77 “c' P ° Iyisobu,ylcne and '•«* oil- H remains plastic 

■ WoH . C “ nsid ‘ :,llble "" mbei °f ^plosives existed In different countries during 
oriel War II. Most of them contained Cyclonite, TNT and aluminium with de- 
SI izing waxes. Their composilions arc given in the Encyclopedia [1751. An 
c rci,, „ g substitute lor TNT in Germany was a castable explosive composed of 

nu|ir w h of' "" C ni,ra,e ’ 35% sodium ni,rale - l5% Cyclonite. A German Full- 
gfc. . ' 86 co " sl5lcd °f elhylcnediamine dinitrate 46%, RDX 1 8% and wax 
Wi.h rman plasllc explosives contained liquid or semi-liquid nitroaromatics 

[OCTOGEN (HMX) (Vol. Ill, p. 1 17) 

| T^cre is a growing interest in Octogen (IIMX in Anglo-Saxon literature. High- 
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Melting-Explosive), 1 ,3,5,7-tetranitro-l ,3,5,7-tetrazacyclo-octane. This is due to 
remarkable explosive properties manifested by a very high velocity of deton- 
ation - over 9000 m/s (see explosive properties, p. 390). Also in some countries 
it is regarded as a heat resistant explosive because of its high niching point 
276 280°Cd (Chapter VII). 

The fact that a monograph has recently appeared [5|, indicates the gieat 
interest being shown in Octogen. 

Structure and Physical Properties 

Octogen exists in four polymorphic modifications: I- IV oi a, 0, 7 , h which 
arc most likely conformational modifications. Each of the four can he obtained 
by cry stallization from a different solvent keeping a different rate of cooling of 
the solution. 


TABI I 63. (see also Table 21. Vol III. p. I | 8 ) 
Some pi op i’M ics of or logon modifications* 



0 

Q 

7 

6 

Region of stability 

room temperature 

115 1 56°<‘ 

156*0 

1 56-m. p 

Melting points (on 
rapid heating) 

to 1 1 5°C 
246 247 C 

256 257°C 

278 280°r 

2 K(J ?X|. 5°< 

Mobi icfraciion 
K calculated 

56.1 

55.7 

55.4 

55 9 

58.0 

Sensitive ness to impact 
mass in kg/hcieht 

5/15 

1/20 

1/20 

1 / 1*1 

energy of impact kg/cm 2 

0.75 

0.2 

2.2 

0.1 


• Compiled from 1 5 1 . 


Here is the description according to Ecdoioff and Sheffield 1 1 27 1 
The common modification, stable at room temperature 0-1 IMX is obtained by 
very slow cooling of MMX dissolved in acetic acid, acetone, cyclohexanone, 
acelonitrile, nitric acid or nitromcthanc. The cry stals ate monoclinic. 

a-HMX can be formed from the same solution as above under condition ol 
rapid cooling. The crystals are orthorhombic. 

y-HMX are also formed from the same solution but under a very rapid cool- 
ing. The crystals are monoclinic. 

6 -HMX arc formed from solvents in which the substance is only slightly 
soluble, such as acetic acid in small amounts and by rapid cooling by pouring 
over ice. Selig [128] obtained 6 modification by crystallizing 0 from A'.A'- 
dimethyl-p-toluidine. The crystals belong to hexagonal system. 

As regards to crystal shape and more information on crystallographic systems 
-see |5) . 

The change of modifications at different temperatures and their relative 
stability is given in Fig. 57 based on the literature [ 1 29, 130] . 
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I IG. 5 7. I ra nsinon otoctogcn modificjlionN (I 2K. 1291 

,s givc i' a ,ch,ive vai "° ° f f,cc *"«»■ 

' ns of ocfogene are above the point of crossing the curves. 

ray and I.SR analysis of /3-octogen gave the structure presented in l ie 58 
according i„ C ady, la.sen and Crome, (131 1. * 

-JliZ f °r, nd " ,e " i,r ° gr ° Ups oc,ogc " a,c in b0 "> equatorial and axial 

due l„ mn! i 1' eSenCC °' aX ' al er ° UpS WaS cxplained b >' S,als l' 33 l as being 
0 ‘in .1 ! elec ' ros,a,lc ac,lons of ttilrarnino groups. Tire conformation of o. 

Wriffli, ° gC " based on d, P ole moments measurement was given bv (, F 
kVf *gl>i [%) and depicted in Fig. 59. 

Charge distribution in/Foctogen |98a| is presented in Fig 60 

wereemh? 8 . '° ^ "" b r Orlova et at. [5| the following 

enthalpies - AH of the change of modifications: 


Q 

P 

7 


8 

6 

8 


temperatures 

t°C 

193-201 

167-183 

175-182 


-A// 

cal/g 

5.97 ±0.18 
7.91 ±0.11 
2.25 ± 0.08 
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Octogen. I1MX o 


HC 60, Charge distribution in octogcn (a* and p-). according to Ddpucch 

and Chciville (98a). 
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Ultraviolet spectra of octogen were examined by a number of authors 1 1 34, 
135, 102). All of them found two maxima in ethanol: 201 and 206 nm. 

Infra red spectra were also examined and gave clear differences between cry- 
stalline modifications (95, 96, 136]. According to G. F. Wright (96) this could 
serve as an analytical tool for distinguishing the modifications when crystalline 
was solid. Raman spectra were taken for 0-HMX and isotopes: 1 5 — N0 2 , 1 5 N 
NO,. 1 3 -C and d* MMX 1 1 37 ) . One of the conclusions was the presence of 
hydrogen bonds between NQ 2 and Cll 2 groups. 

Volk and Schubert (138) described mass-spcctrography and Lambcrton and 
co-workers 1 139) NMR spectroscopy of HMX and other nitramines. 

Solubility of Octogen 

According to the Encyclopedia of Explosives 1 1 27 ) the solubility ol octogen 
is as follows in grams of IIMX, in MX) g of the solution, at 25°( : 

In acetic acid 0.0375 g 

acetone 0.96 

acetonitrile 1.98 

cyclohexanone 2.11 

dimethylformamide 4.4 

ethyl acetate 0.02 

In 1 ,2-dichloroethanc: 0.02 at 24 U C and 0.1 25 at 70 c (\ 

In general, octogcn is less soluble than cyclonilc (Vol. Ill, pp. 80). 

Specific heat ol octogen at -75 T in 0.153 cal/g/°C. 

0 0.228 

25 0.248 

50 0.266 

75 0.288 

100 0.295 

The figures arc taken from the Encyclopedia (127). 

Chemical Properties 

One of the characteristic features of octogen which distinguishes that com- 
pound from hexogen is that octogen readily forms additional complexes 
probably charge-transfer complexes. They have been described by a number ol 
authors [140, 136) but mainly by Selig [141). He described complexes of octo- 
gen in molecular ratio 1 :1 with amines, for example 

aniline m.p. 172°C 

O', m- and p-toluidine. m.ps 166°, 134° and 139°C respectively 1* and 2-naph- 
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lhylemine;m.ps 203° and 148°C respectively, with some substituted phenols: 


0- cresol 

1- naphthol 


m.p. 108°C 
m.p. 182°C 


With some compounds, for example iV-mcthyl-2-pyridon. A'-methyl-p-ioluid- 
ine, o-nitroaniline, hexamethylphosphotriamide the molecular ratio octogen: 
second compound is 2:1. 

The X-ray analysis of oclogcn showed a ‘sandwich* structure very common in 
CT-complexes. 

The difference between hexogen and octogcn as regards the formation of 
complexes can be used lor the separation of oclogen from hexogen. 

Enthalpy of decomposition of complexes on melting is of the order of 2 3 
kcal/mol. 

Octogen did not decompose when boiled with 2% nitric and sulphuric acid, 
bul concentrated sulphuric acid decomposed in a way similar to the decom- 
position ol hexogen but slower than that of the latter j ] 4 2 1 Ion NO, + is proh- 
ably present in the octogcn -sulphuric acid solution. 

On the other hand, octogen is more reactive with alkali than hexogen. A solu- 
tK):i of 1% Na 3 COj decomposed octogen cot pfctel) after prolonged boiling A 
solution ol sodium carbonate or sodium hydroxide can be used to decompose 
ti c residual octogen. The irradiation of octogcn with ultraviolet light 1154 
liberated stable free radicals *N0 2 . 


Thcr/nuf I decomposition 

Octogen is probably more stable than C yclonitc and is comparable with I NT 
i l 150 r the vacuum stability test 1 1 27 1 . 

v A scanning calorimeter can give information on the decomposition of various 
nnsoi ocurgen in the temperature range I80-2I0°C |13|. Maksimov (III) 

, ncd lhc behaviour of octogen at high temperatures. The decomposition of 
samples at temperatures from 183° to 230°< was measured by determining 
Vo lime Ol gaseous products, some of the curves arc given in Fig. 61. The 
g>' of activation was calculated: 37.9 kcal/mol and log 10 B = M.2. The 
. ln , P ° S,tion of a solution in m-dinitrobenzene was examined at tempera- 
’ I ‘I »p to 2I5°C. Some of the curves are presented in Fig 62. The 
SV ol activation was found to be t = 44.9 kcal/mol and log 10 B = 16.0. In 
“> n the decomposition was faster than that of the solid substance. Octogen 
mposed much slower than hexogen, in other words exhibits much better 
" ly ,han hexogen. 

e problem of octogen stability was tackled in similar ways by a number of 

isfUM. 1 and Shipi,sin l ,43 l. Maycock el al. (144. *145]', Rogers and 
1. Mall (147) . Kimura and Kubota 1 148). 
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N(i 61 1 her in dl decnrnpoMliun ol solid octugvn 1 1 1 1 1 . 



0 100C ?000 3 OCX) 


• mini 


I IG b2 Thermal dccom posit ion of octogcn in solution Mill. 


I he induction period on a heated surface for octogen was found to he 1 149 | ; 

aC 350° 300 c 280° 275 a C 

I* 7 5.3 10.0 12.3 

The statement by llcnkm and McGill (150) is interesting in that octogen. 
placed on a copper surface of 360°C, does nut decompose. There is no doubt 
that octogen is a heat resistant explosive. 

Robertson 1 1 5 1 1 and Suryanarayana and co-workers [ 1 52) have reported 
Mat formaldehyde is one of the major products of the decomposition of IIMX. 
‘ uryanarayanan ct al. concluded from studies on isotopically labelled I IMS that 
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the thermal degradation of HMX is mainly accompanied by C-N rather than 
N N rupture. Amongst other decomposition products, hydroxymethyl fomi 
amtde was found [153], Wen kept a. a temperature of 20O‘ C J'Z pZ' 

° 1 rr 8 ' f0lm ™ S ex P ,ainsan interesting fact described by Haeusele, 

Si ”L TlOG’c " 3 hemetiC COn,ai " C, eXpI ° ded af,er ^p, L 

It shouid be pointed out that the behaviour of octogen a. high temperature 
offers some other less expected features. Thus the very high figures of the ac- 
tivation energy of a- and 3-oc.ogen were found to be of the order of lSO-^30 

2 “cHi;i,« l dra ” p “ ,,o ° r - «■ '»-c io 1° s, 

Kimura and Kubota |148] tried to find a tentative explanation for such high 

s r Koir,4°, f au,oca,aiytic ^ 


Thermochemical and Explosive Properties 

I he following data were given in [5J and (127): 

Heat of explosion of octogen is 1356 keal/kg (water-liquid) 

and 1222 keal/kg (water-gas) 

Heal of combustion 2255-2362 keal/kg. 667.4 kcai/mol 
Enthalpy of formation - A// f = 1 7.93 keal/mol 

(or 25.0 keal/mol). 

°! th .* CXplOSiVe in balll5Iic morlar and in block was: 150% 
nd 145% respectively, velocity of detonation 9124 m/s at the density I 84 

eS 1 : r 05 anM e "r ,n 'ned b > «•* depth of the impression in a steel 
P I *55] was found 0.397 mm, that is 150% of that of TNT. 

wSl’S'to JSS? ° f 1,561 ° n ,h * b “' ‘ *- 


Pressure 
Rate of burning 
at P = 1.66 
P= 1.02 


12.5 


52-0 154.0 205.0 kg/cm : 


0489 148 391 5.20 gw* 

p ~ 102 °- 480 143 3.31 5.13 g/em’s 

«d B Sunov" r 7 i'°* h r expl0 fc‘ ms Wa$ S,Udied exlensive| y by Andreev 
0.06 and t ,57 l- Octogen of the density 0.85 and 0.93 can explode after 

lUthors introduce J eSpeC “ Ve y ’ . Al a densll > °- 94 no explosion occurred. The 

ible P a2“h 3 , Cn ' iCal denSi ' y ' Which forms a threshold of the 

^ 6 passin 8 burning to explosion. 

ame a com^T ° f DJrnmg HMX seems to ^ so ™e importance as HMX be- 


1.48 

1.43 


3.91 

3.31 


P 
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Preparation of Octogen 

Octogen (HMX) is formed in the nitration of hexamethylenetetramine (‘hex- 
amine’) and is a by-product of production of cyclonite (RDX) as it was pointed 
out in Vol. Ill, p. 90. However, the statement given in Vol. Ill needs to be cor- 
rected. On the basis of our present knowledge, octogen which accompanies 
cyclonite does not reduce the power of cyclonite. On the contrary, owing to a 
higher velocity of detonation octogen can increase the strength of cyclonite. 

W. E. Bjchmann and Sheehan [158] developed a method of preparing RDX 
containing a small quantity of HMX. The method involved nitrolysis of hex- 
amine with ammonium nit rate -nitric acid solution and acetic anhydride. By 
varying parameters of temperature and acid concentration, ammonium nitrate 
and acetic anhydride it was shown that the ratio RDX/HMX can be altered. 
Ihcse results led Bachmann and co-workers to prepare mixture rich in HMX. 
The optimum yield obtained was 82% conversion of hcxaminc to HMX/RDX 
mixture containing up to 73% HMX. 

The mechanism of the rormation of octogen can be presented by scheme 
(35): 



NO, NO, NO, NO, 

CII.CO OCH, -N-CH, -N-CH, -N-CH, -N-dt.OCOCH, 


Low acidity and the presence of NH.NO, (and paraformaldehyde - [162] ) 
iavours the tormation of octogen. Without ammonium nitrate the linear com- 
pound was formed. Higher acidity helps to obtain RDX [159] . 

Bell and Dunstan [162] nitrated DPT at -20°C. After warming the solution 
to 30 C HMX resulted in a low yield. 
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By using 1 5 NH 4 NOj W. E. Bachmann and co-workers [1591 established that 
hexogen. Castonna and co-workers [160. 1611 used C k- - ^2 

.hemSu^oVrJ, ^ RCa , rd II62J * hat *^ c addilion of paraformaldehyde ,o 

~ Mss n,,ra,e “ ni,r,c acid - ace,ic acid -**£• in. 

app«e e nS^?„l? e A me,h ° d ^ »-"* 1*27] a, 

, acetic 6 ~u 'nit * S " r " r 3nd "" ec d '°PP‘"« funnel, add 785 

fcmpe ,ur i 44 g MV A H if g ° f ^"“M'hyde keeping ,l,c 
IfisTac “a id m „ r r, “ S ° ,U,i0n ° f 101 * of Examine in 

= i=SSESSS= 

Huxed o 30 'r Th 60 m ' n • 350 K ° f ho1 walcr «* «Med and ,c 

* fsasrxsr 1 ice - * — 

Hie yidd of 3-I1MX is 95% of .he theoretical and the puri.y 90% 

A smnla, method of obtaining 0-HMX was given by Robbins and Boswell 

yield of ? MX w«87 ,0 5 n % A ,h * T^' ™ ^ " MX and 22 - 5 * RDX 

with nitric acid Tn . he n “ ^ dCSCribcd for hexaminc 

nunc acid in the presence of BI- 3 . A yield of 96% was claimed [I64|. 

<"e yield of DPT < is * Ce “ C 

«o 90% a?8 b 1?c g Aner C °45 SiS,S **!"*«* 

tion is filtrated Th- nit » • C ’ Aft , 4 * min ' 3,1 ls P oured on ice and the solu- 

“ dCS ,“™ * *“ “» — .o pH =■ S.5- 
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Another method of making octogen from DPT (1 mole) consists in acting 
with NH4NO3 (1.6 mole) and nitric acid (3.2 mole) at 60-65°C for one hour. 
Water is then added and all is heated for 12 hours in a steam-bath. The yield 
was 75% of the theoretical (according to [5] ). 

The description of the industrial manufacture of octogen in Hungary has been 
given [166). In the first step DPT was obtained from hexaminc, acetic an- 
hydride, paraformaldehyde and a solution of ammonium nitrate in nitric acid. 
After that the rest of the reagents were added. 

Altogether for 1 mole of hexaminc, the following reagents were added: 

5-7 moles of nitric acid (min. 98%), 

3-5 moles ammonium nitrate, 

10-11 moles acetic anhydride and 
0.27-0.54 moles of paraformaldehyde. 

The reaction was carried out at 44 °C. 

After that water was added and the temperature was raised to 98°(' by in- 
jecting live steam. All was cooled and the product filtered. It contained 60 
70% octogen and 30 40% hexogen. 

To obtain pure 0-form the product is dissolved in acetone and refluxed for 45 
min. All forms of octogen pass into the solution. Also unstable products decom- 
pose on boiling. 

If pure octogen free of cyclonitc is required, octogen can be obtained due to 
lower solubility in acetone. By warming the product with a three times larger 
quantity of acetone at 40-50°C, all cyclonitc passes into the solution. 

The commercial grade of MMX produced in France seems to contain ca. 
2.25% RDX 1 179). 


Specification for Octogen 

The U.S. specification describes two grades of octogen: 

Grade 1, min. 93%, 

Grade 2, min. 98%. 

Tire quantity of octogen is determined by treating an 0.2 g sample with 
100 ml of 1 ,2-dichloroethane saturated with UNIX. The insoluble matter is pure 
octogen. 

Tlie octogen should consist of 0-polymorph by examination of a 5% mull ol 
the sample in hexachlorobutadienc or tetrachloroethylene in a sodium chloride 
cell. Another sample of pure 0-polymorph is placed in a compensating cell. Hie 
absorption is observed between 14.0 and 14.3 p. 

M.p. should be min. 270°C 
Insoluble in acetone max. 0.05% 


CTE Vol.t - ft 
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Inorganic insoluble max. 0.03% 

Acidity max. 0.02% (as acetic acid) 
Granulation is different in 5 classes. 


of 4CY? T P °Tr!' , iS kept in W1,er - ,ight ba « s wnh a minimum 10% solution 
of 40% isopropyl alcohol and 60% water. " 

In the presence of RDX the quantitative determination of HMX is by the 

Cc7 AnoSe! C ° mPleX: ° f 1 f,MX wi,h ^ethylformamide insoluble in 

" ° 7 C ° miSIS in lhe se P ara,ion °< »MX by low solubility in 

Jedia I?2°7T “ d ' ,ailed deSCrip,i ° n ° f ,he Encyclo- 

The Soviet Union specification for octogen used for detonating fuses mcludes 
the items as follows (according to [5]): uucs 


m.p. min 278°C 

critical and limiting diameters at density 1.65 

should be 1 mm and 4 mm respectively, 
l he velocity of detonation is 


8400 m/s at p = 1.65 and 
8800 m/s ai p= 1.75. 


When heated at 335°C the induction period should be 5 s. 
or ° ,hcr re q u »'erncnts referred to charges for deep bore-holes see (5) . 
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ororortions, that is 2.5% of each. The authors of the paper described the method 
the ingredients as foUows: 100 parts of HMX desensitized with waxes 
were pre-heated to 90 c C, 42.9 parts of aluminium degreased with carbon tetra- 
chloride and preheated to 90° C were mixed in a vessel connected to ground 
nnte n tial. After that the mixture was sieved through 1 mm mesh size. The per- 
formance of Octal 70/30 was better than that of RDX/Al 70/30. This can be 

seen from Table 64. 


TABLE 64. Comparison of octal 70/30 with RDX/Al 


— 

Heat of 

Lead block 


explosion 

test 


k cal/ kg 

cm 5 

Octal 70/30 

1650 

555 

RDX/Al 70/30 

1635 

470 


Price and Claiimont [180) examined fine (5 pm) and coarse (95 pin) alumin- 
ium on the deflagration to detonation transition of HMX/A1 pressed charges. 
They found that Al, particularly fine grain, incieases the length of the pre- 
detonation column. However wax is more effective than Al: it is more efficient 
in delaying the detonation. 


EXPLOSIVES WITH OCTOGEN AS A MAIN COMPONENT 

d , ' 76 ! f vc a description of lhe explosive propertiei of octogen (91' 

J . , 0, . _ a casIabIc mixlu '' of octogen (77%) and TNT (23%) gave the ia 

«rs “at ■ *** - — -i. Xr» 

° r65,> 35%raT - 


BSX (1 .7-DIACFTOXY-2.4.6-TR1NITRO 2.4.6 TR1A7AHEPTANI ) 


Y 



\ 

NO, 


8254 m/s at p = 1.80. and 
8156 m/s atp= 1.77. 


nitriel h,.r alS ° C c ,T/“ i,i0nS deSCribed ' f0r example of 94% octogen, 3< 
Ilulose and 3% (0-chloroethyl) phosphate [178|. 

powder °Tw7 rable 7 POr ' anCC " 0W are mbtIures of 00‘ogen with alumintur 
to pass fln PaperS haVe ap P ea,ed recent| y on the ability of aluminized HM) 

p4ert.es oT OM 7 nAn dC '° naU ° n Lan « en and Ba " h [179] described th. 
HMX With ° ^ 0/30 ’ ,hal ■■ HMX (wl,h wax ) 10% and aluminium 30% 
with wax was composed of 95% of Hochst waxes ‘S’ and 'KP' in equa 


-BSX” 


The compound is formed as a by-product of cyclonite when made by the 
method of W. E. Bachmann [158-159) and Koffler (Vol. Ill, p. HI)- 

This was described by G. F. Wright [2] . , .... 

The remarkable property of the compound shown by Hall ] 181 ] is its abilt y 
to form complexes: with dioxane, cyclohexanone, tetrachloroethane form- 
amide. All in the proportion 1 : 1. The complex with acetophenone is in the pro- 

portion 2:1. 
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DINGU AND SORGUYL 


I 

r 


N 


f'C ./NO, 

N 


°' N 


I 

? 

NH 




r 


o 


N 


0,N- ^-NO, 


Dingu 

Dinitroglycolunk) 


Sorguyl 

(Telranitroglycolurik) 

French authors obtained a patent [182] for two explosive compounds 
Dingu and Sorguyl. 

Both are obtained by the nitration of glycolurile which is formed through the 
action of urea on glyoxal (36). 


Clio / 

| *:co 


Nil, 


Clio \ 


H^‘ 

CO 


Nil, 


MS 


N" 

CO 


»'•<>. , v N»C>J ♦ UNO, 
IVigu - Sofguvl 


CM 
c, lyc »k»rile 


i 


(36) 


The stereochemical structure of glycolurile can be depicted by formula 

\ A A 1 1 ) 



The following are data on Dingu and Sorguyl (Table 65) according to Meyer 

1183] . 


I ABLE 65. Properties of Dingu and Sorguyl 



Dingu 

Sorguyl 

Decomposition temperature 

225-250°C 
(beginning 130°C) 

237°C 

Density 

1.94 

2.01 

Rate of detonation 

7580 m'sat 

9150 m/s at 


= 1.75 

= E95 

Oxygen balance 

-27.6% 

+5.0 % 


an ' S relative,y ,eadU y decomposed by alkaline hydrolysis, but is stable in 
acid medium. It is insoluble in molten TNT, soluble in dimethylsulphoxide. 


tl 


Sorguyl is remarkable by its high density, extremely higli velocity of deton- 
ation, and positive oxygen balance. It is not hygroscopic but decomposes by 
hydrolysis. It decomposes in molten TNT. 


A-NITRO-O-NITRO COMPOUNDS 

One representative of this group of compounds merits attention. This is l-(/V- 
Ethyl)-nitramino-2-cthanol Nitrate, code name Et-NENA [73] 

CjH, N CHjCHjONOj 
NO, 

m p. 4.0-5. 5°C 

This is an oil. d = 1.32 at 25°/4°C, n D = 1.479/25°C. It was prepared by 
Blomquist and Fiedorek [73, 74) from cthylaminoethanol. The latter was 
added dropwisc to 98% nitric acid at 10°C. The resulting mixture was added 
dropwisc to 95% acetic anhydride with some acetyl chloride to transform the 
nitrate salt into nitramine: 


C;H. NIICH,CH,OH • — C,ll, Sll, CHjCH,ONO, 

NO, 


« 11,( 0), () 
ClljCOCI 
11,0 


I 1 NLNA 
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APPENDIX 


Thermal Decomposition 

w *•> •-»«-. «.<. 

r,H ’ decomposition occurred in luo stops: 


< r *l,,,N NO, 


(Cll,), N- » -NO, 


l( IIJ.N-NO, + NO, — products of oxidation 


(I) 


(2) 


by k - ■«»»*» «. , *. 

- *-m-~ . 4 . a, 4« , 

,n, " W "„* w m^und?!m-%^2^in?uopro^y,)^.ni!r!Bninc:* ,k ' ‘ ,CCon " W, "" n Jr 


ai * Wo,,,-rn 




CM,-C(NO, ) : -CIL‘ 


N NO, 


Thtr nochemistry 

IhcrmochcmijTiy of cyCic A’-nmo compound, 

cdata as below 



-G- n °. 

Cyclonite 


'/l cryst. // fgJS 

keal/mol 

Dinilropipcra2mc -12.7 13 c 

Cyclonite 14 .7 4s ' a 
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Mechanism of tne Nitration of //examine to Cyclonite ( RDX ) and Octogen (//MX). 

The above mechanism was described in Vo!. Ill (pp. 87-98. 113-117). It was also 
investigated by nuclear tracer technique with: 


Hexamine 

Paraformaldehyde 

»*NH 4 NO, 171. 



The result of these experiments confirmed in general the diagrams of the reactions given 
before. 
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EXPLOSIVE POLYMERS 


With the present advent of polymer chemistry numerous efforts have been made 

on synthetic polymers containing nitro groups (whether C-, O ■ or yV-nitro groups) 

with the aim of possibly replacing (or imitating) nitrocellulose and (to a much 

smaller extent) nitrostarch. To date it has been difficult to obtain a synthetic 

polymer which would possess the same mechanical properties as that of nitro- 
cellulose. 


ONITRO POLYMERS 

A i tropoly s ly re tie and ns Derivatives 

In Voh I, pp. 4 IK-419 nitropolystyrene was described and its possible prac- 
tical application is mainly in low power mining explosives and in pyrotechnic 
mixtures. According to |3 ) , molecular weight is over ca. 38000. 

An interesting polymer Teptidyl* was obtained by E. Katchalski and co- 
workers 1 1 1 which is poly-4-hydroxy-3-nitrostyrene. an improved version of the 
polymer used by Merrifield )2| for the formation of peptides. Peptidyl was 
obtained by nitrating a co-polymer of acetoxystyrene with divinylbenzenc in 
proportion 100:4. Divinylbenzene is used as a cross-linking agent. 

Nitroindene Polymer (p. 4 1 0 ) 

Nitroindene polymer was obtained by the nitration of polyindene ( 3 ) It is 
an amorphous solid of m.p. 230°C, and is insoluble in most solvents. Decom- 
position (explosion) temperature is above 360°C. It is slightly hygroscopic, 
laking 1.61% water from the atmosphere of 100% relative humidity. The Inter- 
national heat test at 75°C showed 1 . 1 % loss of weight A sample of 5 g evolved 
in vacuo 12 cm 3 of gas in 48 hours. It was considered for use in U.S. Army as a 
,,nc fuse but was found to be too sensitive to impact. 

POLYNITRO ALKANES 


Mtroethylene Polymer (Vol. I. p. 596) (CH 2 = CH N0 2 )„ 

crih N !l r ° ethyIene W3S menlioned in Cha P ter VIII. Here the polymer wUl be des- 
e . according to Noma and co-workers [4], Perekalin and Sopova |5|. 
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Encyclopedia of Fedoroff and Sheffield ( 6 ) , Novikov and co-worKers [7] . 

Nitrocthylene polymer is a white amorphous solid which does not melt but 
decomposes on heating above 75° C. 

During World War II in the U.S.A | 6 ] a method of preparing nitrocthylene 
was developed consisting of the action of sodium bicarbonate on l-chloro- 2 - 
nitrocthar.e. The yield of nitroethylene was 76%. 

Polymerization was carried out in aqueous medium in the presence of an 
emulsifier and ascaridole (a terpene peroxide) as a catalyst. Air over the liquid 
was replaced by nitrogen and nitrocthylene was introduced gradually to the 
water. The icaction ended after 2 hours of mixing. 

• Perekalin and his co-workers |B) have done pioneering work on the poly- 

| mentation of nitrocthylene under 7 -radiation from Co 40 . Perekalin etal. pointed 

out that the methods so far used to polymerize nitroethylene gave a low mol- 
ecular weight of ea. 2000. When the polymerization was carried out in a solvent, 
for example, dimethylformamide or tetrahydrofurane, the molecular weight 
was higher but the pioduct was still a powder, although the 7 -radiation yielded a 
transparent product. The part which was not polymerized was subjected to 
further irradiation etc. and eventually a transparent block was obtained. Pere- 
kalm also found that polymerization continues alter irradiation. On the basis of 
the latter fact he concluded that the polymer contains free radical of long life 
and the reaction of polymerization is a free-radical reaction. I lie molecular 
weight of polynitiocthylene obtained by Perekalin cl a!, was c*l the order ol 
38000 (through measurement of viscosity) and density was 1.535. It decom- 
posed when heated to 150C. 

In a number of papers Yamaoka and co-workcis 19-14) examined polymer- 
ization. Their main conclusion was that radiation induced polymerization 
through the anionic mechanism involving free ions and induced post-polymer- 
ization at temperatures below — 150°C. 

Nitrocthylene polymer is a while amorphous solid which does not melt. 
According to [6 1 it decomposed slowly at 75"(\ After 2 hours ol maintaining 
this tcmpciatuie it ignited. When heated to 100°C it deflagrated with a sooty 
smoke in 23 min. On a hot plate of 200 c C it decomposed without explosion. 
The sensitivity to impact is of the order of TNT. The strength (in ballistic mor- 
tar) constitutes only 29% of that of TNT. Hungarian authors |15| reported the 
data for polynitroethylenc as follows: 

heat of detonation 720 keal/kg 

lead block expansion 1 14 cm 3 

impact sensitivity (2 kg) 70-90 cm (TNT 50-60 cm). 

POLYURETHANES WITH ALIPHATIC C- AM) AMSITRO GROUPS 

A large number of polyurethanes were made of nitro aliphatic polymers con- 
sisting in co-polymerization of nitro aliphatic diisocyanate with nitro aliphatic 
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diols. They were made by Aerojet General Corp., by Blau. Gold and co-workers 
Two main lines were taken: 

0) iS0Cyana,eS J° P° lyure,hanes with diols (in mol. propo:- 

t.on 1.1) boil, containing C-nitro groups, and some of diols wjlhA'-nilro 


groups, 


(2) Z ni r r ,u e the ab0Ve P ° lymc,s C ,he pos'nitration-) to increase the num- 
ocr of the nitro group. 

Most of the compounds are described below 

/. Co-potymen from 3.3-Dini»»l,5-pe n ,a„e D,isocya„a,e , 1 , and Nitrodio!,. 

o-r=N-ni J ch 2 ((no,» i <cii 3 ) n«c-o 

l 

.he BiV " ,hC ,,rUC,Ure Wi,h VJ " ablC R " hi <* depends on 


r h 

[ (, -N»UCH,) j C(NO,) j (CII i ) j sik'oJ 

It J ( 


belowVr f abl” W 66> C< " ,,P ° UndS madC ° f ' a " d diff '™‘ '--I 


I AHLE 66. Co-polymers o! I with diols polymer II 


Compound Name of diol 

JJl* 2.2-Dinitro-l ,3-propancdiol 
' 5, 5, S-Trinitro-1 , 2-pcntanc- 

diol 

c 2,2,4,4-Tciranitro-l ,5* 

pentanediol 

c 4.4,6,8.8-Pcnfancnitro-I,l I- 

undccanediol 

v 4,4.6,6.8,8-Hexanitro-l ,| |- 

undccanediol 

1,1 5.7,9-Trinitro-5,?,9-trijza- 

3,1 1-dioxa-l ,1 3-tri- 
dccanediol 


I ormube of polymers II 
R= 

Cll 2 -C(N0 2 ) 2 Cll 2 0 
o- 

-0CII 2 -ni(CH 2 ) 2 -C(N0 2 ), 

oi 2 C(No ? ) 2 -ch 2 C(no 2 > 2 -rn,o 

(C h -CM, -CH(N0 2 )-CH 2 

C(N0 2 ) 2 -(CII : ) 3 0 

(C H : h-C(N0 2 ) 2 -CH, -CCNOj Jj -C ll 2 
C(N0 2 ) 2 -(CH 2 ) 3 0 

(CIIj) 2 OCH 2 N(N0 2 )CH 2 N(NO 2 )CH 2 N 
(N0 2 )-CH 2 -0(CH 2 ) 2 O j 


diaSmf.nT ° f PO ! ymers / wi,h ,he diisocyanate , 1 ) was reacted with 
( ) to form polymer (Ilia) which is a urea derivative: 
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t u u 

C NH(CH 3 ) : C(NOj h(CHj)j NIIC NH(CH } ) 3 C(N0 3 ) 3 (C1I 3 ), Nil 


Another series of polymers were made from 3,3,5,7,7-Pentanitro-5-aza-l ,9- 
nonane Diisocyanatc (IV) and diols. The general formula of polymers is V and 
the compounds are listed in Table 67. 

0-0= K (Cllj ) 3 C(NOj )} CH j N(NO,)CII,< (NO,), (CH J ) J -N-C=0 

IV 


o o 

| C Nil ten,), CtNOjhCHjMNOjKHjCfNOjhtCII,), NIICO | R 


TABI I 67 Copolymers ol IV with diols: polymers V 


Three co-polymers were made from 2-Nitiaza-l ,4-butanc Diisocyanate (VI) 
with diols to form polymers VII: 


OsON-CHjN-fCllj )j N=C=0 

VI 


0 NO, 0 

II I II 

C-NHCHjN-CCH,), - N"C- 


O | R 
J n 


Their formulae are given in Table 68. 

Two co-polymers were made of 2,5-dinit raza-1 ,6-hcxane diisocyanate ( VIII) 
and diols which led to polymers (IX): 


408 


Compound 

Vila 
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1 ABLE 68. Co polymers of VI with diols: polymers VII 


Name of did 


2-Nifto-2-meihyl-J ,3-piopjnedioI 


Formulae of Polymers VII 
R= 

NO, 

ch 2 -c-ch 2 o- 


a* ]r 


, B P ° Iym * rs show 'he relative viscosity of 1% acetone solution between I I 

cl> / r CP ! a " ial con, P a,ibil 'ty nitrocellulose and rubber has been des- 
p7 ed f0 ‘ P o| ymers lie and lid. The densities of samples II were I 50-1 .64. 

Sl,OWCd eXP ' 0SikC p,0perlics; 11 detonated with the rate of 6200 m/s 
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The sensitivity of the melting points to impact and stability are given in 
Table 70. 


TABLE 70 Some properties of co-polymers: diisocyanates -diols 


Compound 

m.p. 

°C 

Impact 

sensitivity* 

RDX = 28 cm 
cm 

Stability 

1 34.5°C 
methyl 
violet 
min 

65.5 

Kl-starch, 

inin 

Ha 

75 78 

too 

195 

300 

III* 

85-95 

85 

78 

10 

Ik 

70 80 

80 85 

13 

12 

lid 

ce 40 

100 

10. Ex pi. 22 

11 

lie 

40 

100 

Ex pi. 8 

8 

Ilf 

55 60 

80-85 

300 

300 

Ilia 

110-115 

80-85 

75 

300 

Va 

75-85 

40 


13 

VI* 

65 75 

65 


20 

Vila 

90- 100 

100 


300 

Vlib 

70 80 

100 


390 

Vile 

80 90 

55 


38 

IXa 

85 95 

100 


90 

IXb 

90-100 

60 


10 


• Impjct sensitivity in exprosveil in the height of 2 kg wvinht giving 50% probability ol 
explosinnt comparing with the stjndjfd-C) elontic (RDX) which requires 28 35 cm height. 


Preparation 

Polymers were prepared by adding diopwisc a solution of a diol and a catalyst 
in absolute dioxane to an equivalent amount of a diisocyanatc al 20 to S0°C 
depending on the substances used. The catalyst in all instances (with the excep- 
tion ol lid and e) was ferric acetylacetonate in quantity of 0.05- 0.1 5% in relation 
to the diol. With lid and lie it was boron trifluoride ether complex in proportion 
of C3 1.5 mol %. The temperature was kept at 20 40 C for a longer time: from 
2 days to several weeks. At the end the temperature should be raised to 50°C. 
The product was precipitated by adding water. The solvent was removed by 
steam distillation or by vacuum drying. 'Hie yield in most instances was of the 
order of 95% (with Ilf it was ca. 44%). 

It can be seen from fable 70 that some of the polymers possess poor stability 
but show low sensitivity to impact. Some of them are remarkably stable at 
134. 5°C. 

2. Nitration of polyurethanes containing nitro groups / 76/. Several poly- 
urethanes described above have been subjected to nitration. However, most of 
the products show- poor stability. The previously described Hb was nitrated with 
100% nitric acid at room temperature followed by gradually raising the tempera- 
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ture io SO C and keeping i, for 20 min. The product (X) was obtained by pour- 

ing lce vacuum dr y ,n 8 lhe precipitated product. The impact sensitivitv 
was 30 cm (RDX 28 cm) heat test (with Kl) 5 min at 6S.5°C and the relative 
viscosity was 1 .6 cp at 25°C for 2% solution in acetone. 


Q,N 


Nilrojrdenc 

polyu.cr 
(P -JU4) 



0 NO, 

, « I ‘ 

-J-C — N (CII,,, 


C — (Cll, ),— 


NO, 0 

I II 

N — C— O— < »l — O 


(Cll,), 

I 

C(NO;>, 


Some co-polymers of urethanes with diols after the nitration could also not 
Ma::d the test at 134.5 C. One of them exploded alter 1 1 min of heating. 

he exception from the point of view of stability shows the nitrated polymer 

r<v7vi! ^ 5 ' 5 tlinilro , t 2 hexanc diol. It is an amorphous powder, m.p. 55- 
‘ C (XI) and is soluble in acetone. The polymer was prepared in two steps: 

(a) the monomers were dissolved in dioxane and kept at 50° (' for ca 24 
days. The product was precipitated with water. 

(b) The polymer was niiraled with 100?; nitric acid at 0°C. It was precipi- 
tated with water. The yield was 97%. 

r V V 0> r°> a -i 

[ C-N-(CH,),QNO l ) I (CH l ) l N C-0 CH -Cll, o| 

(CH,) a 
C( NO, ) 

CH, 


'mpact sensi " vi ,y was |00 cm (RDX , g cm) Therma| stabi|i|y . a( 65 5 , c 
hoa aPCr) 23 min ’ at ,34 - 5C( ‘ no decomposition (methyl violet paper) in 5 
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Another product which may show some promise with regard to stability is 
nitrated urea derivative (XIV) 

O NO, NO, O NO, NO, H 

- C-N-(CII, ) N (Cll,^ NH C-N-(CH,) ? -N-(CH,) ; - N 

L XII 

it is an amorphous solid, m.p. 80 -90°C which was obtained by hydrolysing 
3-nitro-3-aza- 1,5-pentane diisocyanate with water followed by nitration. 




The monomer has m.p. 17.5°C, b.p. (at 2 mmllg) 68°(\ 

It polymerizes on exposure to air at room temperature. The stability docs not 
seem to be satisfactory - an explosion occurred after 10 min of keeping at 
134.5°C. 


Ethyl .\itroacrylatc 

N0 2 CH = CHCOOC 2 H s 

The compound was obtained by Yanovskaya, Stepanova and Kucherov (17] 
from formvlacrylic acid ester and nitromethane. No information was given on 
the possible polymerization of the compound. 
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Nit roe thy l acrylate 

Cll, = C1I— COO CH,CH,NO, 
b.p. I(K)°C (5 mmHg) 

This was one of the most simple acrylates obtained by Marans 3 nd Zelinski 
[18] (see also Chapter VIII). It can polymerize under the action of benzoyl 
peroxide at 100 ( in the atmosphere of nitrogen. The polymer is a soft, viscous 
resin (contrary to the polymer of methacrylate which is hard). 




Vi 






i 




Nit roe thy! Methacrylate / 18J 

Cll, -C -COO <11,01. NO, 

CHj 

b p. I I5 # C (10 mmllg) 

I lie compound gives a polymer when catalysed by benzoyl peroxide at 1 00 s C 
in the atmosphere of nitrogen. The polymer is a hard resin. 


Trin itroeth \ 7 aery la te 


<11, CH CO(K II, ('(NO, ), 
b p. SO’C ( ’ mm) 


This was obtained by Villc [19) by acting with acrylyl chloride on 2-trinitro. 

ethanol (Chapter VIII). No information was given on the possible polymeriz- 
ation. 


Omit ropropyl Acrylate {DNPA ) /3/ 

CH, -Cll COO CH,C {NO, )CH, 
m p. I 75 a C, b.p 96°C (0 2 mmllg) 

The monomer was prepared by dissolving 2,2-dinitropropanol and acrylic 
c londe in carbon tetrachloride and heating for 12 hours at 55 3 C. The dried 
product was mixed with powdered silver and vacuum distilled. It can be used as 
a inder in propellants burning readily at a pressure of ca. 70 kg/cm 2 . It can 
polymerized in toluene in the presence of azobisisobutyronitrile as a free 
I “„ cal cala, y st > under dry nitrogen at 80°C for 45 min. The conversion of 
was obtained to yield the polymer 



£ch, cn}„ 

COOCH, C(NO : CH, 
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Poly-DNPA has an explosion temperature at 250°C, the detonation rate of 
6100 m/s [19). 

POLYESTERS OF D1MTROCARBOXYLIC ACIDS AND DINITRODIOLS 

Hie polymer of 4,4-Dinitro-l,7-Heptanediol Chloride and 2,2-l)initro-l ,3- 
Propanediol was described [20] : 

O NO, O NO, -J 

| C-fCHj^.C-tCHj^-C-OCU-C -Cll, Oj 
L * NO, NO, 

The molecular weight of the polymer was 4(KX) 9000, i.e. n = 1 1 24. It is 
a yellow coloured powder of m.p. 180 185 c C. 

It was prepared by dissolving equivalent amounts of the monomers in dioxane 
followed by maintaining the temperature of 30° C for 3 days. The solution was 
filtered, poured into water with ice and vacuum steam distilled to obtain the 
product. It shows a low sensitivity to impact: 2 kg at 85 95 cm (Rl)X 28 cm), 
and a good stability: at 65.5°C (K1 paper) is 100 min, at 1 34.5° ( (Methyl violet 
paper) - 80 min. 

POLYMER WITH O-NITRO GROUPS 

Polyvinyl Nitrate (PVN) (Vol. II, p. 173) 

[ ui — Cll, 

ONO, n 

The polymer originally created certain hopes that it could replace (partly at 
least) nitrocellulose. The problem remains unsolved although a considerable 
amount of information on PVN was collected. 

The following are references which should be added to those mentioned in 
Vol. II: Frank and Kruger [21], Chedin and Tribot [22|, Aubcrstein and 
Laford [23) , Akopyan and co-workers [24] . 

Properties of PVN 

Chemical and physical properties. A rather detailed description of PVN can 
be found in the paper by Diepold [25) . Merc are the data on properties of PVN 
according to this author: 

Nitrogen content N 15.15% (which indicates the degree of esterification 
92.8%). The other sources [29] gave 15.7% which is practically 100% nitration 
(99.8%). 


414 


j 

! 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


Molecular weight M w 
Viscosity of 0.5% solution 
in acetone at 25°C 
Included (or adsorbed) acidity 
Insoluble (in acetone) 

Colour 
Size of grains 
Density 

Free flowing density 


200 000 , 

0.45 cP 

less than 0.005% HN0 3 
max. ca. 1% 
yellowish white 
less than 1 mm 
1.6 
0.3 


Hygroscopicity at 30%/90% relative humidity was 0.62% 127) 
Softening temperature 30-4*0° C 

Freezing temperature 30°C 

Strength: 


Temperature °C 

—40° 

+ 20 ° 

+40* 


On stretching 

500 bar 
450 bar 
20 bar 


Breaking elongation 

0.4% 

0 . 8 % 

400% 


n„ The ,P'“ liC pr °P crties af PVN plaslificd with dibutyl phthalatc or bis(2- 
r l r °- 2 . 2 - d i " it roe ' h y 1) formal was examined by Michaud and co-workers |2t.| 
ST PU S6d NMR analysis ' The purpose of this study was to find the differ 
cm Phas es alld t0 examine , hem jn , function of concentration and temperature 
ine loUuwm, were the phases found in the plasticized PVN: (I ) a rigid polymer 
vo mobile polymer, (3) a rigid plasticizer and (4) a mobile plasticizer. Tie 
m has a general significance on the insight of the nature of plas.ificatio:. and 
Mi ty of macromolecular chains and on the nature of the plastic flow and 



Vlosive Properties (according to [25/1 

^^(15.15% N) shows the temperature of decomposition 

t 195°C when heated at the rate of 20 c C/min, 

177°C when heated at the rate of 5°C/min 

Per ‘° d ' S 7 mi " and ° Ver 18 h0U,S 31 l75 ° and 165°C respec- 
B|s sec °t 26 !»c ArSe ' lal [2?l PVN 0 4 -«« N) gives an explosion 

impact was 95 cm from a weight of 1 kg. 

K 3S y ' gniled and burns readi| y at the rate of 3 mm/s under pressure of 
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ca. 6 kg/cm*. The velocity of detonation slightly differs from those given in 
Vol. II. p. 173 [28] and according to [25] is: 

density 0.3 ca. 3200 m/s 

0.8 ca. 3500 m/s 

1.5 (pressed) ca. 6500 m/s 

1.5 (cast) ca. 7000 m/s. 

Lead block of Trau/J 330 cm 3 . 

The thcrmochemical data are as below: 

Meat of explosion 960 keal/kg |25) and 900 keal/kg [27) 

Heat of combustion 3016 keal/kg |25| and 2960 keal/kg |27| 
Temperature of explosion 2560 c C 
Volume of gases 930/kg. 

Stability was determined as the loss of weight of 0.3 0.4% at 75°C for 48 
hours. 

Picatinny Arsenal gave the following information on stability: 

Heat test (Kl) at 65.5°C was over 60 min., at 134. 5°t* (Methyl violet) 20 
min., red fumes alter 25 min., explosion after more than 5 hours. 

The solubility of PVN largely depends on the degree of polymerization and 
hence on the viscosity. The larger the viscosity the lower the solubility. 

The chemical stability of PVN was extensively studied by Poulain, Michaud 
and Poulard [29). They examined polymers with the molecular weight M u and 
molecular number M n of the order of 150,000 320,000 and I 20,000 140,000 
respectively. They aged PVN at 90° and 65°C. They followed: (1) the decom- 
position of the nitrate groups, (2) the degradation of the chains followed by 
chromatography. 

As much as (1) follows the usual trend of decomposition of nitrate esters 
including nitrocellulose. (2) offers a much more complicated picture which 
differs from that of nitrocellulose. This is the observation that during heating the 
length of chain of PVN decreases followed by a cross-linking. (Neither length of 
chains or cross-linking occurs during the ageing of nitrocellulose). This is de- 
picted in Fig. 63 referred to PVN. 

The French authors (29) also examined the stabilizing action of 2-nitro- 
diphcnvlamine upon PVN. The character of ageing at 90 3 C was not changed by 
the presence of the stabilizer. 

Preparation of Polyvinyl Nitrate 

Le Roux and Sartorius [28) (Vol. II. p. 173) gave the following method of 
nitrating polyvinyl alcohol. 

Five parts of polyvinyl alcohol (containing 10% of moisture) were introduced 
during ca. one hour into 1 00 parts of nitric acid (99-100%) at — 8°C. The result- 
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FIG. 63. Ageing of solutions of Polyvinyl Nitrate (PVN). 

SwWteToS:! f °' 'T TT' 1 aU w “ d — d water with ice. The 

2 hot ,e rt , WUh W3,er 10 nCU ' ra,ity a " d lcft “" d " water fo, 

and even tuaUv I n 1 12 hour * ™ repeated with ethanol 

and drying J&E 96%of W h'^ 0 " 3 ' 6 5 ° ,U,i ° n Fma ' Washi " g *“» ««« 

or Sme‘i«d. r r d ‘hi ,bc delermina,1 ° n ,,f ni,I °8 e " in PVN in a nitrometer 
^ i , n °' giV ° r ' NabIe reSul,s " was necessary to use 

H also ZSblf reX IO D,CP ° ,d 1251 ,He me,h ° d ° f «“““«• with Fe 
foUows: mC ' h0d ° f ni,ra ' ing PVA a ‘ Rca,inny Arsenal. U.S.A. |27| was as 

•Xceslo Tn it ™ Xcd wi,h “*«« anhydride, the mixture cooled to -S'C. a large 
Poured i L " in 30 W3S added kee P in « ,he temperature below 20’C\ All ms 
* 4*^^ Pr ° dUCl WaS and P- rin ' d * boding in 

mt!fc 1 -Sir ,W ° T th0dS ° f nil,ating PVA: W' 11 ni,ric acid alone 
n nitric acid/sulphunc acid mixtures. 

Acid/PVA m orl^f h” itn< ir\ f VA W3S disso,vcd in ni!ric acid in proportion: 
k tQ o lari , 0 h, I"" fc ' 0t},erWise the viscosit >* of solution in nitric acid 
>- an efr,CIent mixing. The concentration of nitric acid should 
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not be lower than 95%. The temperature should be kept near 0°C and the time: 
15 min for introducing PVA into the acid, 30 min for the nitration and 1 5 min 
after the nitration at 20 = C. The product was precipitated by pouring into water 
with ice. The yield was 90% of PVN with 14.8% N (the degree of nitration 
88.7%), and the spent acid contained 50% MNOj. This method docs not seem to 
be sufficiently economic. 

Nitration with nitric acid -sulphuric acid. The addition of a small proportion 
of sulphuric acid to nitric acid prevents dissolving PVA in nitric acid. A suspen- 
sion of PVA in nitric/sulphuric acid mixture is formed. The yield of PVN is 
best when the concentration of ll 2 S0 4 in the mixed acid is 10-30% (Fig. 64). 
In such a mixed acid the solubility of PVN is negligible and the only substances 
dissolved in the acid arc some degradation viscous products in quantity of 2 3%. 
They can be precipitated with water. 



% h 2 so 4 

MG. 64 Yield of PVN against the concentration of sulphuric acid ir. the 

mixed acid: UNO 3 + H 2 SO 4 


A continuous method of nitrating PVA was described |30]. Owing to high 
viscosity of the solution the danger of overheating in some parts of the nitrator 
exists and: (1 ) a specially good mixing should be introduced, (2) the nitrating 
acid should be pre-cooled to -10°C. After the nitration is completed it is 
necessary to decant the acid which contains the above mentioned degradation 
products and to treat the product (free of the greater part of the acid) by adding 
water. The PVN formed fine hard grains which can be readily filtered. 

The purification and stabilization of the PVN was carried out by washing the 
acid product with water of 60°C. At this temperature the product can soften 
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and the grains can stick together. By adding some substances (the nature of 
which have not been disclosed) the sticking can be prevented and washing can 
be carried out even with boiling water. After the greater part of the acid has 
been removed the PVN should pass through a mesh filter to reduce the size of 
the grains and to make the removal of the last traces of the acid absorbed by 
PVN possible. The final product after the removal of water contained 60 70% 
water. 

Dicpold [25) gives the data as follows: 

M n 60,000 100,000 

Nitrating mixture UNO., (1.51)H 2 S0 4 (1.84) 90: 10 to 70:30 

Nitration temperature 0-10°C 

Time of nitration 5-1 5 min 

Stabilization 25-40 hours at 60°C. 

The yield under these conditions should be 90% and the product should 
contain 14.8-15.1% N (i.c. degree of the nitration 88.7-92.2%). 

A patent exists [31) for stabilizing PVN by dissolving the raw, decomposable 
PVN in an organic solvent which will be neutralized and then PVN, free of add, 
will be precipitated by adding water. Calculations should be made to see whether 
the method is economically feasible. 


Practical Use of Polyvinyl Nitrate 

Experiments were carried out on PVN as a component of double base pro- 
pellants PVN being used instead of nitrocellulose. Encyclopedia of Explosives 
[27) gives two compositions: 

(1) with 82.0% PVN, 10.2% Nitroglycerine, 0.7% Dinitrotoluene, 6.!% Di- 
buthylphthalate 1.0% Diphenylarnine. 

(2) with 57.75% PVN. 40% Nitroglycerine, 1.5% KN() 3 , 0.75% Ethyl Cen- 
tralitc. 


ft 


Heat of explosion of these propellants was much the same as with nitrocellu- 
lose instead of PVN. However, the mechanical properties are different: decrease 
tensile strength, increase of elongation at break and of flexibility. PVN did 
not cl, ange the burning rate, but increased the pressure exponent n {V = k p n ). 
Another disadvantage was that: 

(! ) atactic PVN which has a low melting point has a tendency to flow when 
•nixed with other substances, (2) atactic PVN possesses a sticky nature which 
has created problems in extruding and shaping propellant grains. 

problem arises of how to obtain the isotactic polymer of PVN with high 
Parity and higher crystallinity. However, this does seem to be possible [32). 
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Modifications of Polyvinyl Nitrate 

A Naval Powder Factory in the U.S.A. investigated the preparation of poly- 
vinyl nitrate by nitration of polyvinyl acetate using epichlorohydrin as a cross- 
linking agent - according to Cohen (33) . 

The same source |33) informs us that the U.S. Naval Ordnance Test Station 
and Jet Propulsion studied the preparation and polymerization of glycidyl 
nitrate: 


CH,— Cll CM, Cl ♦ UNO, 
O 


Oj NO Cl I; Cl I CH, Cl 

I 

OH 


NaOII 


OjN O CHjCH ( II, 
\/ 

O 


I ewis acid 


i— | — 01,01 — () — -j— II 


CHjO NO, 

n was 20-50 and hydroxyl terminated polymers could be cured with mixtures 
of diol, triol and diisocyanates. 

The Naval Powder Factory, according to [33) obtained tf-nitro polymers of a 
relatively low molecular weight; 

f-CO— CH— CH— C NH— CH,— CM— CH-NH 

in in i) in 


UNO, 


f- CO-CH — CH — C-NH-CH, -CH-CH, -NH 

I I II I 

ONO, ONO, O • ONO, 


HYDRAZINE AND DIFLUOROAMINE POLYMERS 

According to Cohen [33] (Bell Aerosystem Corp. and Food Machinery 
Corp.) obtained polyethylene hydrazine perchlorate (XIV) 

{ch,ch-n} 


XIV 


Nll, + GO. 
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Information is given by the same source on a polymer with difluoroamino 
groups (XV) obtained by Rohm and Haas Corp. 

| CH, - CH - C H - CH, | 

L NF, NF 2 

XV 

Pentaerythritol trinitrate (PETriN) is a convenient source of polymers through 
the esterification with unsaturatcd vinyl group containing acids, such as acrylic 
and methacrylic acid. 

The monomers were described in Vol. II, p. 191 and Chapter X. 
jV-NITRO POLYMERS 

A few polymers with jV-nitro compounds were described in Chapter XIII of 
this book: formulae (17) and (19). 

PLASTIC BONDED EXPLOSIVES (Vol. Ill, p. 203) 

A considerable number of explosives are composed of Cyclonite and IIMX 
and non-explosive plastic (usually thermoplastic) polymers. Some recent com- 
positions arc given below on the basis of the literature [34] : 



Density 

Rate of detonation 
in/s 

1. Cyclonite/Polyamide resin 90/10 

2. I IMX/DNPAF/Polyurethane 
(DNPAF is acetyl-formyl-2,2- 

1.79 

8390 

dinitropropanol) 

1,84 

8830 

3. HMX/Teflon 90/10 

1,86 

8640 

4. HMX/Polyethylene 92/8 

1.72 

8630 


5. American plastic explosive: 

Cyclonite/Polyisobutylene/2-ethylhexyl sebacate/mineral oil in propor- 
tions 91/9.1/5.3/1.6 does not lose its plasticity at — 54°C and retains its 
shape at +75°C. 

6. British ‘flexible* explosive SX-2 [35] : 

Cyclonite/polyisobutylene/Teflon in proportions 88/10.5/1 .5 retains its 
plasticity at -58°C. 
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CHAPTER 15 

RECOVERY OF SPENT ACIDS 

(Vol. II, P. 83) 

The problem of recovery of spent acids lias existed since the advent of nitration 
of glycerine and the problems of safety related to keeping the spent acid which 
contained a certain amount of nitroglycerine (Vol. II, p. 84, Fig. 26). The separ- 
ation of nitroglycerine which can float on the surface of the spent acid created a 
safety problem. The method of Nathan, Thomson and Rintoul (Vol. II. p. 85) 
increased safety by preventing the formation of nitroglycerine on the surface. 
Although a small proportion of nitroglycerine is lost by solution and decom- 
position, the economy is satisfactory, as no costly investment is needed for the 
recovery of nitroglycerine from the spent acid. 

However the methods being used at present for the manufacture of nitro- 
glycerine, such as batcli combined process (Vol. II. p. 95) and all continuous 
processes (Vol. II, p. 97) require that spent acid be dealt with correctly. Origin- 
ally primitive arrangements were in use consisting in distillation of nitric acid 
and careful decomposition of organic products dissolved in the spent acids. 

The progress was considerably speeded up with the advent of cast silicon iron 
as the main acid-resistant metal [1|. Some other modern materials were also 
introduced into the construction of the equipment, such as enamel, tantalum, 
teflon [1] and glass [2]. Generally speaking the spent acid from nitration of gly- 
cerine, glycols and pentaerythritol have a lot in common although they differ 
in some particular points. The common problems of by-products of the nitration 
of alcohols will be discussed below. 


general problems of spent acid from the 
nitration of alcohols 

rhis particular problem was studied by Camera, Zotti and Modena [3, 4). 
They identified some of the products of the action of nitrating acid on ethyl 
nitrate as a model for the behaviour of nitrate esters in acid solution. They came 
to the conclusion that the initial process consisted in hydrolysis of the ester. The 
hydrolytic equilibrium was disturbed by oxidation of the alcohol by liberated 
mtric acid. In the instance of ethyl nitrate the freed ethanol was oxidized to 
a cetaldehyde. Some other products were also formed. Nitric acid was reduced to 
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nitrous acid which can serve as a catalyst of a number of reactions. Among the 
oilier products formed were: acetic and oxalic acids, carbon dioxide and nitro- 
gen oxides from nitrous acid: N0 2 , NO, N a O and nitrogen. 

Spent Acid from Nitration of Glycerine 

According to Plinke |1| the average composition of spent acid of nitrogly- 
cerine is 


hno 3 

10% 

Il a S() 4 

70% 

H a O 

17% 

Nitroglycerine 

3% 


Compared with the composition given in Vol. II, p. 84 it differs only by the pre- 
sence of 3% of nitroglycerine. This should he regarded as all organic matters 
deriving from the nitration ol glycerine, the hydrolysis of nitroglycerine, oxi- 
dation of the resulting mixtures etc., much in terms of the work of Camera et al. 
[3.4]. 

Thcrc arc three known methods of dealing with nitroglycerine spent acid: 

(1) Stabilization or 

(2) denitration of the acid 1 1 ] , 

(3) re-usc of nitrating acid after adding nitric acid |5] . 

1. Stabilization of Spent Acid according to Plinke / // 

This method is applied when the spent acid has to be re-used without the 
danger of keeping it for any length of time. To destroy nitroglycerine and or- 
ganic impurities the acid is conveyed at a high temperature through a number 
of columns where nitroglycerine and other organic substances are oxidized by 
nitric acid. Nitric acid is reduced to nitric oxides which are directed to the 
absorption column washed with water yielding dilute nitric acid. 

The diagrammatic presentation of the apparatus is given in Fig. 65. Nitrator 
(1) is fed with nitrating mixture and glycerine, nitroglycerine is separated (7) 
from the spent acid which enters columns (2-4). The columns arc heated with 
steam through a heat exchanger (9). The acid freed of oxidized organic sub- 
stances is cooled in (10) and flows out. Gaseous products - mainly nitrogen 
oxides and carbon dioxide — pass through a cooler (11) and enter column (5). 
Air is blown (8) into the column where cold water (12) circulates through a 
pump (6) and is injected additionally to the top of the column (5). Dilute nitric 
acid flows from the column. 

2. Denitration of Spent Acid 

(A) According to Plinke / // .The spent acid can be denitrated without adding 
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Stabilization of NG spent acid 


Atmosphere 



3 4 


1 Nitrjto' 

2-4 Stabilization columns 

5 Absorption column 

6 Pump 

1 NG separator 

B Air blower 
9-1? Heat exchanger* 



Siao.l rfc>d Waite water* 


D • Steirn 
W - Water 


FIG ‘ 65 Stabilization of spent acid of glycerine nitration 
(Courtesy H. PUnkc III.) 

TSL Tr nUriC aCid °! Can be ° b,aincd - B > addi "B sulphuric acid of 
W HNO ( k T CaSeS) 6 ° % n ! ,ric acid 3 *** concentrated nitric acid of 

pounds ' d", l 0 la,n ! a " d Sl : IP " UnC 3dd ° r70% "> S0 <- AH organ, c con,- 
carhnn \ i S l Wyed t and E ascs from decomposition (nitric oxides, nitrogen 

- me ft £ Y ^ «"■» bleaching column. The' 

erne for the treatment of spent acid is given in Fig. 66 

columnlsT'Jf iT 0) “P 3 ' 31 * 0 " ° f nitro 8 l - vcerinc («) enters denitration 

(2). Sulnhni ,7 a,> '' 5 " mC mtric acid (60% IIN 0,) is added from container 
denitration "Y^ Hl S ° 4 * “ fed from con,a ' ner (3) to the top of the 

by injectha I 1 " 1 ’" Y 'YY' 3 ' 11 ^ ° f lhe dcni,ra,ion =°lumn is controlled 
and '7 T Y, lp , hllnC aCid (68_?2% HjS ° 4) freed of ni,ric a eid 
acid enters ore hl«!h“ *" tank (4) and P um P ed oul (8). Distilled nitric 

d *PhC«or i Ki' u"T (6)Where “ iS frCed of ni,ro 8 en oxides through 
is blowY,h° , Y ,Y 3 ed m,nC acid en,ers bleachin « eolumn (7) where air 
hrough (11) to free the acid from the traces of nitric oxides entering 
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Den tration of spent acid NG 


N SA-NG S 


D*c)l? 


o o o 



W ; 14 


Nitrous fumes 


19 W 


18 (at W 




¥ ii 


ISA 


20@iw 


0 - Steam 
A • A i 


l Feeding tank fo- SA - NG 
? Feeding tank for N 60% 

3 Feeding tank to- S 96 85% 

4 BuMer lark for S 70% 

5 Denitration column 

6 P'e-b ejehing column 


N 98% 

To sto age tank 


7 Bleaching column 

8 Pump for S 70% 

9 NG - separator 

10 Drop-separator 

1 1 Ventilator air 

1? -20 Heat exchangers 


I IG. 66. Denitration of spent acid of glycerine nitration. 

(Courtesy H Plinkc [11) 

through (10). Mere nitric acid flows back to column (6) and gases are blown into 
the air. A system of heat exchangers (12-20) serves for heating or cooling and 
keeps the proper temperature - high or low. Nitric acid of 98 HN0 3 flows 
through valve N 98 to a tank. After bleaching nitric acid contains less than 0.1% 
nitrous acid. 

General views of the denitration plant are given in Figs 67-69. 


CT£ Vc I . • - 0 



26 





FIG. 6 7 . Denitration of sper.: acid of glycerine nitration and nitric acid bleach- 
ing. (Courtesy ‘Adolf Plinke Sohne*. D-^380 Bid llomburg.) 
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FIG. 68. Denitration of spent acid of NG, NC*. NT. 

(C ourtesy 'Adolf Plinkc Sohne’. D-6380 Bad llomburg.) 


(B) According to Schott, Mainz / 2, 6-8/ . The progress of the method of con- 
ccntrating nitric acid with sulphuric acid was connected with the use of boro- 
silicate glass as a material for the construction plants in combination with tan- 
talum as a heater material to carry out indirect heating of the concentration 
column 16] . This method of operation was realized by Messrs Schott & Gen., 
Mainz, who used tantalum heat exchangers on which the acid mixture was 
sprayed. The exchanger was mounted on the top of the concentration column 
where the greatest part of the nitric acid is. The heat exchangers arc heated by- 
saturated steam and evaporate the major part (ca. 90%) of the nitric acid con- 
tained in the mixture. Figures* 70-72 give general views of some parts of the 
equipment. An important feature was the introduction of standardized dimen- 
sions which make possible the exchange of some parts of the equipment. 

3. Reuse of Spent Acid from the Nitration of Glycine 

Biazzi S.A. |5) is using an ingenious method of utilizing spent acid from the 
nitration of glycerine to nitrate toluene to dinitrotoluenc. Toluene is added to 
the spent acid at a temperature gradually increasing up to 90 C. Nitroglycerine 
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I ICr. 69. Denitration and concentration of UNO, 

Csy Adolf P,inke SoW, D-6380 Bad Horaburg.) 
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^ H?S0 4 . 67 TO 70% 


MG. 70a Concentration column. (Courtesy Schott A Con., D-6500 Mainz.) 


dissolved in the acid is decomposed and increases the concentration of nitric 
acid and thus participates in the nitration. 

Tne economy of this method is based on the fact that no denitration plant is 
needed. 


Spent Add of PETN 

The main problem of spent acid after the nitration of pcntacrythritol is the 
instability ol the spent acid. Several ‘fume off accidents of spent acid have 
occurred on its storage after the separation of PETN. Systematic study of the 
stability of spent acid was carried out by Rarnaswamy and Suhba Rao [9] . They 
found that the concentration of 75-80% UNO, made the nitric acid unstable 
due to the presence of organic compounds which can readily be subjected to 
oxidation. According to the above authors the oxidizing properties of nitric acid 
predominate at the critical concentration of 75-80%. 

Rarnaswamy and Subba Rao suggested two methods of stabilizing the spent 
acid of PETN manufacture. 

( 1 ) In the first method live steam of low pressure was injected gradually to 
keep the temperature at 70 ± 2°C. The injection was stopped when no further 
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71. Ileal Exchanger nude of standardized par Is 
(Courtesy: Schott 4 Gen., D-6500 Main/.) 


Subha Rao pointed out the ease of hydrolytic reactions in the spent acid 


followed by oxidation. They found formic, oxalic and inesoxalic acid among the 
decomposition products. 

Attention should be drawn to the statement by Camera (10] that PhTN can 
be ^hydrolysed to tri and di-nitrate by nitric acid of 70-90% IIN() 3 at 20 and 
4 -> ( (see also Chapter X, ref. 149). The ur.syrnrnetrically substituted penta* 
cry thritols are particularly apt to vigorous reactions [11]. 

Plinke (1) described the process of stabilizing spent acid of PfcTN which, 
according to the same author contains 80% HN0 3 and 0.1 0.3% organic sub- 


Concentration column. (Cbuttcy Schot, & Gen.. D^SUO Main,., 


82 ST 72^ 2% "°,h Ce<i K ThC concen,ra,ion of Ih 

(2) in ° a 3 ’ l ^ US ^ e,ow ! * ,c dangerous cone 

1 ^r L« J eC0nd r ,h0d " ,e 5pent aciJ treated 

--;i c a r;r ed ,o 95 r ,o ° a h^y 

’■owing 7T* a " eV ° IU ' i0n ° f br0wn fumcs and «» 
Ut, ous acid The 8 hi h° r T' Th * rcac,lon was facilitated 
>f the reaction ' COncen,ra,lon of HNO, the 1 , 

, proc r, ° f petn rr ° duc,, ° n ,h * «>«■*» 

- Products is below 0 t n ^ 


composition of organic impurities, sulphuric acid of 70% II 2 S0 4 is present in 
the evaporator and remains there to the end of the operation. 

Figure 73 is a diagram of the stabilization of residuary nitric acid of PETN 
according to Plinke. Spent acid from (1) is pumped (4) to evaporator column 
(3 1 a! ter being heated at (6). Hot sulphuric acid (70%) flowing from column (3) 
is cooled at (7) and recirculates to (3). Nitric acid distils from column (3), is 
cooled through a condenser (8), collected in tank (2) and pumped out through 
(5). This is nitric acid of 75-80% HN0 3 . Nitrous gases escape between (8) and 
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MG 72 General View, nitrous fumes absorption 
(Courtesy Adolf Plinkc Sohne\ D-63S0 Bad Hombi 
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1 Tjnk to* SA PE TN D • St can* 

? 1 link to* N 75 - 80% W • Wnter 

3 L v.ipoMtor column 

4 Pump for SA-PETN 

5 Purrp for N 75 - BCo 

6 Heater for evaporation 

7 Meat exchanger to* ccotmg S 

8 Heat exchanger tor cooling K 75 80 >j 

FIG. 73. Stabilization of spent acid of PETN. 

(Courtesy. H. Plinke ( I ].) 

Spent Acid from Cy clotulc (RDX) Manufacture 
(Vol. Ill, pp. 93,98-102) 

As described in Vol. Ill Cyclonitc can be made by nitrating hexamine (hexa- 
methylenetetramine) with nitric acid. The product is precipitated by pouring the 
solution into hot water in such a way that the concentration of the acid became 
50-55% HNOj and the temperature 70-90°C was maintained. All unstable pro- 
ducts were decomposed and N0 2 was evolved. This was a ‘degassing process'. 

A diagram of the concentration of spent acid obtained in that way was given 
by Plinke [1] Fig. 74. Spent acid from tank (1) enters through heat exchanger 
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Concentration of spent acid RDX 


SA-RDX 



* feeding tank for SA - RDX 

2 Feeding tank for S 85-98% 

3 Buffer tank for S 70% 

4 Denit.-ation column 

5 Pre bleaching column 


6 Bleaching column 

7 Pump S 70S 

8 Drops separator 

9 Ventilator (ar) 

10 18 Heat exchangers 


FIG. 74 Concentration of spent acid of Cyclomtc (EDX). 
(Courtesy H. Plinke 111.) 


(11) to the denitration colurhn (4). The column is fed from tank (2) with 
sulphuric acid (85-95%) pre-hcated in (10). The column is supplied with steam 
m the lower part - with air. Sulphuric acid (70%) flow* down to a buffer 
an (3) and through pump (7) to a storage tank. Distilled nitric acid enters the 
Pre-bleachtng column (5) and through a dephlegmator (8) to bleaching column 
V ) Air is blown to the bottom of the bleaching column (6) to help in evacuat- 
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ing nitrous fumes through (8). A series of heat exchangers (12-17) maintain the 
correct temperature for ihe whole system. Nitric acid (98%) leaves column (6) 
through cooler ( 1 8) to a storage tank. 


Spent Acid from Nitrocellulose (Vol. II, p. 374) 

Plinke |1] gives the average composition of spent acid from the nitration of 
cellulose: 22% HNOj.62% M 2 S0 4 . 15.8% 11,0, 0.2% nitrocellulose. Highly con- 
centrated nitric acid can be distilled fiom such an acid without adding sulphuric 
acid. If sulphuric acid (85-86%) is added, the process is similar to that described 
in Fig. 74. 

This operation is seldom performed and the usual procedure consists in add- 
ing concentrated nitric and sulphuric acid to the spent acid. 


Spend Acid from TNT 

It is very seldom that spent acid from TNT is subjected to distillation. If so, 
only dilute nitric acid can be obtained according to Plinke 1 1 ) . A higher concen- 
tration of nitric acid (over 50% UNO, ) can result only after adding concentrated 
sulphuric and nitric acid The apparatus is much the same as with the following. 


Spent Acid from Mononitration of Toluene 

It has been pointed out by D^bowski and Ziqfco |12| that the spent acid 
from mononitration of toluene should not be reused for dinitration by adding 
nitric and sulphuric acids. It contains 0.3- 0.5% mononitrotoluenes and while 
adding concentrated nitric and sulphuric acids, further nitration of mononitro- 
toluene present can he produced but requires special precautions. 

The authors suggested a simple method of dealing with the spent acid. They 
extracted the nitro compounds with toluene at 30 ( and thus were formed: 

(1) toluene with a small proportion of nitro compounds. 

(2) spent acid free of nitro compounds. 

Toluene (1) can be used for nitration, and (2) spent acid can be safely mixed 
•with concentrated nitric acid and 20% oleum and re-used for mononitration of 
toluene. 


ENVIRONMENTAL PROBLEMS OF DENITRATION 

The denitration of spent acids offers some environmental problems. The 
major one being the escape of nitrous fumes from the denitration columns. 
According to Berkman [13] they can be introduced to a solution of sodium 
hydroxide to obtain sodium nitrate and nitrate aqueous solution. The same 
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monograph describes the method of absorption with water [14] . It also gives a 
description of the industrial method by Andrew and Hanson [15] . 

An original method was proposed by Kulin and Tikhonenko [16] . They 
suggested the reduction of nitrogen oxides escaping from the denitration columii 
with inethane, for example: 


Cll 4 + 2 NO, 
CH 4 4- 4 NO ■ 


-N : + CO, + 2H, O 
2N, 4 CO, 4- 2H,<) 


The reaction can be catalysed by Ni and Cr at 500-600 c C and helped by 
adding some air-oxygen. 
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CHAPTER 16 


SALTS OF NITRIC ACID 

(Vol II, p. 450) 

ANI) OF OXY-ACIDS OF CHLORINE 

(Vol. 11, p. 476) 


AMMONIUM NITRATE 

As is well known ammonium nitrate is ihe most popular oxygen carrier in ex- 
plosive mixtures which is also widely used as a fertilizer. Subsequently there is 
voluminous literature on the properties ol ammonium nitrate. Among the 
greatest problems is its caking. It continues to raise interest and an excellent 
review has appeared recently [ 1 1 . 

Hygroscopicitv of ammonium nitrate was considered to be the major cause of 
caking [2-5] but later the polymorphism of crystals of ammonium nitrate 
(IV * lil, Vol. II, pp. 450-452) was recognized as an important factor 16-8). 
Particular attention should be paid to the work of Sjolin |K] who studied the 
phenomenon of caking using X-ray and scanning electron microscopy. His con- 
clusions are summarized as follows: caking is mainly caused by the phase tran- 
sitions IV ^ III at 32°C and depends on dissolution and recrystallization of the 
solid at the phase transition, if no pressure is applied to the sample a porous 
powder is formed due to volume increase |14), if pressure is applied, it will 
result in large crystal surfaces and the dissolution-recrystallization process gives 
a hard product. 

Shnecrson et al. [7| drew attention u> the fact that transition IV -—111 does 
not cause caking while the phase transition III — IV is of great importance and 
should be regarded as essential in the process of hardening. Thus hardening 
occurs during the process of cooling ammonium nitrate heated above 32 C . 

Some substances have a great influence on the change IV — •- III. Particularly 
rmportant is the role of water promoting the change [9-13). Thus it has been 
shown by Brown and McLaren [10|, Wolf and Scharrc [11| that ammonium 
nitrate chemically pure and fiec of water requires a higher temperature for the 
transformation of form IV and at ca. 50°C it is directly transformed into form 
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^whereas a trace of water favours the normal transformation IV— HI „ 

nart i . Ph . lomenon narrow layer of the saturated solution between the 

particles shows a lowered meniscus of the solution, i.e. reduceZeslTcom 

compress^ th c* ° f almospheric P rcssu[e becomes sufficiently strong to 

compress the neighbouring granules into a solid block. * 

very' com pleated" [T ' hC di5CUSsion " ,a ' ' ,,c P he "°*»«n°n of caking is 

Some existing practical methods were mentioned in Vol II PP 451 454 A 
more systematic description is given below PP ' A 

nnlln,l° Win ? Par,iC 'r ° f ammonium nitrate with non-hygroscopic layers of 

subs.an 5U u C 'v aS P ?' yvinyl com P°“" d «- This however should be limited to 
su stan s which could no, produce harmful influence on the explosive” 

products i'T "T** '"" 1 (for under 8 round work) would not give haunful 
- ' detonation, such as chlorine compounds from polyvinyl chloride 

These conditions are fulfdled with paraffin wax or fuel mlif su h an m 

«l 2,1 “ f "Stota. A, p*w Vo [ „ " 

ZSSSZ £53SSr - - - — * 

Sr® — as ■■ c-jr = 

r.’sjejzs" cm " wi “ 11 

3. Salts of stearic acid, such as calcium stearate 

MKNO? 1 ^ ?"? readily formin * hydrates, such as anhydrous: 
have been eSd l(S 4>3 (2%) 181 lnsome P a,ents anhydrous sulphates 

m eS h :r PrcV :: ,m8 ,hC ,ransf0m,a,ion ° f «y*Hi»e forms three 
dry): 8 2 lm P ortance (“> addition ,o keeping the ammonium nitrate 

*' lmroduc,ion ^ “me cations which could enter the crystalline lattice, such 
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as K + which has an ionic radius (1.33 A) of the same order as NII^ (1.43 A). 
The presence of 3-4% KN0 3 suffices to stabilize form 111 (Vol. II, pp. 454-5). 

2. Introduction of some mineral substances. Among the minerals kaoline or 
kieselguhr in quantity 2.5% were suggested [4] . Brown, Green and Blanton [16] 
recommended adding a mixture of boric acid, diammonium phosphate and am- 
monium sulphate in quantity of less than 0.5%. They suggested a composition 
containing 0.2% H,B0 3 . 0.2% (N!I«) 2 HP0 4 and 0.01% (NH 4 ) 2 S0 4 . Brills of 
unprecedented hardness resulted, completely stable over 32°C transitions. The 
authors found this mixture much superior to previously used kaoline or kiesel- 
guhr. Engel [17] found that the volume increase due to the phase transitions 
IV * III at 32° C was reduced by incorporating diammine complexes of Ni and 
Cu into the lattice. Ilie transition temperature raised above 50°C. The effect 
of complexes of Zn was less marked. 

Glazkova in her monograph ] 1 8] described water resistant ammonium nitrate 
4 Zh V’ containing 0.07 0.10% ‘iron sulphate* and 0.3 0.4% of an undisclosed 
hydrophobic component. 

3. Addition of surface active agents, such as triphenylmethanc dyestuffs, can 
prevent caking of ammonium nitrate in quantity as low as 0.05% (see Vol. II, 
p. 454) and [19]. 

It is now accepted that surface active substances are very helpful as anti- 
caking agents. A review was published on the subject by Krrfaczkowski and Bis- 
kupski [108]. Sodium alkylaiylsulphonates and various substances with trade 
names were examined in quantity 0.05-0.50'%. The authors draw attention to 
the fact that before the use of such substances experiments should be carried out 
on the influence of the additives on thermal stability of ammonium nitrate. 
Some of them appreciably lower the temperature of the decomposition of am- 
monium nitrate which should not be less than 220- 240' C. It should also be 
borne in mind that the addition of an organic substance or (generally speaking) 
of a substance which can bum increases the sensitivity of ammonium nitrate to 
detonation. Small amounts, of the order of 1-4% of organic substances con- 
siderably increase the sensitiveness (Vol. II, pp. 461 462 and the description of 
accidents on p. 441, this volume). Thus the sensitivity to detonation of am- 
monium nitrate with surface active agents should be examined and mixtures 
with additives should be handled with precaution as with explosives. 


Hygroxopicity of Ammonium Nitrate 

The hygroscopicity of ammonium nitrate is its great drawback. The problem 
occurred particularly with the use of ammonium nitrate mining explosives their 
storage and use in damp places. The usual method of reducing hygroscopicity 
consists in incorporating small proportions of calcium, zinc and iron salts ot 
fatty acids, usually stearic acid. 

Silicon resins can also be used (Vol. Ill, p. 421). The problem of the hygro- 
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plosives. 


TECHNOLOGY OF EXPLOSIVES 

is discussed in Chapter XIX on Mining Ex- 



Chemical and Explosive Properties 

Andreev and Glazkova [20] carried out pioneering work on the action of 
various substances on the rate of burning ammonium nitrate. In their later paper 
|2I | they examined the influence of the addition of various salts to ammonium 
nitrate on its rate of burning - Table 7 1 . 


TABLE 71. Rale of burning of ammonium nitrate in a closed vessel. 
Density of the samples 1 ,6 1.7g/cm 3 |2!j 


Addition 
of 10% 

Mean 

pressure 

atm 

Mean rate 
of burning 

g/cm 3 , see. 

Relative rale 
of burning 

PureNH 4 NOs 

!9U 

0.5 3 

100 

NaCI 

35 7 

1.43 

270 

KCI 

335 

1.27 

240 

K a Cr 2 

363 

1.47 

270 

KjCr 2 0 7 

292 

1.17 

220 

BaC’l 2 

322 

1.57 

290 


Obviously the rates of burning are also influenced by different pressures in 
the closed vessel and therefore the figures cannot he taken as strictly compai- 
Kl able. Nevertheless higher rales of burning of mixtures containing barium chlor- 
ide, potassium bichromate and sodium chloride are evident. 

R? According to Rosser, Inaini and Wise [74) ammonium bichromate, soluble in 
molten ammonium nitrate, was found to be a catalyst of the decomposition of 
ammonium nitrate at temperatures 460 520 K. Tor low concentration of the 
catalyst the principal products of decomposition were N 2 . N 2 0, H 2 0, UNO, . 
The catalysed decomposition was inhibited by ammonia and water] promoted 
K by nitric acid. 

The ttnding of Andreev and Glazkova [21 1 is interesting in that ammonium 
mhate containing potassium bichromate can burn faster by adding potassium 
and ammonium oxalate, under low pressure (3 atm), but under higher pressure 
i° ng ,hC ° rdCr ° f 300-400 a,m - lhc P re scnce of oxalates reduces the rate of buin- 

Thc problem of burning ammonium nitrate and its mixtures is widely des- 
" bed ,n t,lc excellent monograph by Glazkova [18]. The problem is not only 
of K-cat theoretical but also of practical importance, it is connected with the use 
Cr ammonium nitrate explosives in coal-mines and their ability to burn which 
cat es an additional danger of their use. In the present book it is discussed in 
£ apter XIX on Mining Explosives. 
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Some organic substances (e.g. cellulose) lower the thermal stability of am- 
monium nitrate. According to Findlay and Rosebourne [22] an ammonium 
nitrate- paper combination was shown to self heat at the temperature range used 
in bagging and shipping the fertilizer grade of NH 4 NOj, so that it often arrived 
at a sea-port appreciably hotter than when it was bagged (90 ± 20°C). Bag im- 
prittlement and even charring by self-heating caused excessive spillage, contamin- 
ation and required rebagging Several spontaneous fires in rail trucks were re- 
corded, preceding the Texas City catastrophe [23]. Immediately after the Texas 
City catastrophe the paraffin-wax coating of ammonium nitrate was replaced by 
kieseiguhr - an inferior but much safer anticaking agent. Kieselguhr coated am- 
, monium nitrate (fertilizer grade) was widely in use for AN/FO explosive mix- 

tures [23). 

A detonation of 80 tons of ammonium nitrate in plastic bags occurred in 
1978 at Manouba in Tunisia [39] . The floor of tire store house was covered with 
saw dust for the purpose of absorbing any liquid front broken bags. It was stated 
that saw dust mixed with oxidizing substances in the presence of moisture can 
undergo fermentation causing a temperature rise and ignition of ammonium 
nitrate. Prior to the detonation red fumes came from the store house, which 
indicated the beginning of the decomposition which ended in detonation. 

, HYDRAZINE NITRATES (Vol. II, p. 464) 

Two hydrazine (or hydrazinium) nitrates arc known: mono- and dinitrate. 

Hydrazine Mononitrate 

{ Mononitrate NHs&HjNOj exists in two forms: a and 0. a-Forrn is stable 

and has m.p. 70.7°C, /3-form is unstable, has m.p. 62.T C [24]. /3-Form is ob- 
tained by keeping the substance at 1 10°C for 30 min and cooling slowly to 
61°C. The crystal structure was examined, and so were refractive indexes of a 
and /3-forms 1.065 and 1.458 respectively (25) . If a concentrated solution of/3- 
form is cooled from 100°C down to room temperature a-form was separated 
[26). The transformation enthalpy A H of form /3 to a is 2.0 keal/mol [27). 
f Thermal decomposition was studied. by a number of authors. At I00°C the 

evolution of ammonia is less prominent than that of ammonium nitrate: 0.005% 
as compared with 0.016% [28]. Shidlovskii and co-workers [29] found that the 
decomposition started at 180°C, increased above 240° C and became explosive 
at 270°C. The ‘Bruceton up- and down-down* method (Vol. Ill, p. 445) gave 
i 50% probability of ignition at 307°C [27] . Decomposition to 200-300° C under 

* 1 atm. resulted in decomposition according to equation [30] : 


* 


4 NjIU-HNO, 


2 NO + 5 Nj + 10 HjO. 


( 1 ) 
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Decomposition in vacuo was investigated by Breisacher and co-workers |31]. 
When ignited, hydrazine nitrate burns very readily, the flame is extinguished 
upon removal of the ignition source. Shidlovskii et at. (29] found that the addi- 
tion of 10% K 2 Cr 2 0 7 assures steady burning. 

Tli ermochc mica! and some explosive data were collected by R. Meyer [32] : 


enthalpy of formation 
heat of explosion 
volume of gases 
oxygen balance 
density 

decomposition temperature 


-620.7 keal/kg 
924 keal/kg 
1001 l/kg 

+ 8 . 6 % 

1.64 g/cm 3 
229°C. 


High lead block test (408 cm 3 ) and velocity of detonation (8690 m/s) were 

given. 

The high figures of the velocity of detonation and of lead block aroused 
much interest in the compound and have been reported by several authors. 

Tli us explosive properties were reported by II. K. James eta!. (27) : the rate 
of detonation of molten hydrazine nitrate 75°C was found to be 8500 m/s, and 
ballistic mortar 1 20.4 ± 0.5 (picric acid = 1 00) or 1 42 (TNT = 1 00). 

Some other authors also reported (32) high velocity of detonation: 8500 
8510 m/s with cartridges of 6.4 cm diameter, pressed to density 1.59 1.6. Price 
[33] found that the infinite charge diameter detonation velocity can be ex- 
pressed by the equation D — 5390 (p //AM 00) where p UN is the density 
in g/cm 3 . Kurbangalina and Tinokhin [34] found that the critical diameter 
increases with an increase of water content and the rate of detonation can vary 
from 2000 to 8000 m/s. 

Meyer [32] reported that mixtures of hydrazine nitrate with UNIX (Octagon) 
pressed to high density can be over 9000 m/s. 

Attention should be drawn to two monographs on hydrazine: [26] and [30] . 

Hydrazine Dinitrate 
(Vol. II. p. 465) 

Hydrazine dinitrate NH 2 NH 2 (HN0 3 ) 2 was described by Sabanejeff [35] It 
is a substance which decomposed at cc. 80°C. When heated rapidly it melts at 
103-!04 L C. It can be obtained by neutralizing hydrazine hydrate with two 
moles of nitric acid or by acting barium nitrate on hydrazine sulphate [26], 
|30] . It decomposed on steam bath or on standing at room temperature over 
sulphuric acid with the evolution of hydrazoic acid [35]. 

0 is an explosive which is stronger, but less sensitive to impact, than Tetryl 
but weaker than PETN [33] . However owing to its low stability it is of little 
practical value. 
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pi Hydrazine Nitrate Complexes ( ' Ilydrazinates ') 

Salts of bivalent metals (Ni, Co, Zn, Cd and Mn) form complexes with hydra- 
zine nitrate of a general formula 

|M(N 2 H 4 ) 2 ] (N0 3 ) 2 and [M(N 2 H 4 ) 3 ] (N0 3 ) 2 . 

\ I II 

For the first time Ni salts (II) were obtained by Franzen and Meyer [36] and a 
; number of them were prepared by Medard and Barlot [37], According to the 

j latter authors some of hydrazinates possess initiating properties and are des- 

cribed in Chapter XVII on initiating explosives. 

! METHYLAMINE NITRATE (Vol. II. p. 465) 

| Methyiamine nitrate (m.p. 1 1 1°C) recently gained much significance as an 

important ingredient of ‘slurry* explosives because of its greater aptitude to de- 
| tonation than that ol ammonium nitrate. More data on explosive properties were 

recently given by K. Meyer [32] : 

enthalpy of formation -896 keal/kg 

heat of explosion 887 keal/kg (the given figure formerly - 1200 

keal/kg - Vol. II, p. 466 - should be corrected as 
being too high). 

Volume of gases 1027 l/kg. 

density 1.422 g/cm 3 . 

According to Cottrell and Gill [38] unconfined methyiamine nitrate melts 
and boils (230°C) without decomposition. 

With regard to preparation of the compound, apart from the straight forward 
formation from methyiamine and nitric acid (66%) (as described in Vol. II) 
another method based on the Plochl reaction, by reacting ammonium nitrate 
with formaldehyde at 80 100°C, as was suggested by the author of this book 
|39] and brought to industrial application: 

NH 4 NO, 4 2 01,0 — ^CHjNHjNO, + HCOOH. (2) 

Although laboratory experiments have shown that methyiamine nitrate is not 
very sensitive to impact, it gave a disastrous explosion at Potomac River, W. Vir- 
ginia in 1976 [40] in two tank cars containing 86% solution of methyiamine 
nitrate. The explosion probably took place due to friction in a pump or to a 
collision. 

TETRAMETHYL AMMONIUM NITRATE (C1! 3 ) 4 N N0 3 (Vol. II, p. 466) 

This substance was found to be difficult to bring to explosive decomposition. 
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However the mixtures of tetramethylammonium nitrate with polymers can burn 
in the presence of ferric oxide wliich proved to be an efficient catalyst for bum- 
ingsuch mixtures [41). 

Fe 2 0 3 has a similar catalytic effect on the combustion of guanidine nitrate. 

GUANIDINE NITRATE (Vol. II, p. 466) 

Enthalpy of formation of guanidine nitrate was determined by Krivtsov. 
Titova and Rosolovskii (105). It was found to be A H. = 93.0 kcal/mol. 

NITRATES OF AROMATIC AMINES 

A number of nitrates of aromatic amines were recently described |42). No 
information on their explosive or burning properties is available. 

AMMONIUM CHLORATE (Vol. II. p. 476) 

This substance has no practical application owing to its low stability, but it 
was important to study conditions influencing tin* decomposition and possibly 
the mechanism of decomposition. The early papers |43, 44) gave only a general 
description of the decomposition of the substance. A much more detailed 
account was given by Solymosi and Bansagi |45). They studied the decom- 
position by measuring the pressure of non-condensable gases and the loss of 
weight at different temperatures. A measurable decomposition started at 50°(\ 
but some days after the preparation of the substance according to (3). 

Niun » njciOi — -nil no, » \j< i (3) 

a slight decomposition was observed even at -5°C. Hie explosion of freshly 
prepared substance occurred at 90°C Hie activation energy was calculated as 
b*hig 22 25 kcal/mol. The addition of ammonia stabilized the substance, but 
the addition of chloric acid considerably increased the rate of decomposition. 

Attention should he paid to the fact, that the substance is dangerous and all 
possible reactions leading to the formation of ammonium chlorate should be 
carefully avoided. 




K AMMONIUM PERCHLORATE (Vol. II, p. 477) 

An enormous amount of work has been done in the last 30 years on am- 
i moniu m perchlorate (AP). Originally it was reflected in the monograph by 
W; r ,IUlnac * ier ( 46 l (Vol. II, p. 4' 7 7) and more recently - the excellent review by 
acobs and Whitehead has appeared |47). It contains all the important inform- 
I a 'on available up to 1968. The pertinent data will be repeated in the present 
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book to obtain a full picture of this compound and some more recent descrip- 
tions will be given here. Also the monograph of Glazkova (IK) on catalytic de- 
composition should be mentioned. 

Crystal Structure and Physical Properties 

Two crystal structures of ammonium perchlorate are known: the lower- 
temperature orthorhombic form existing below 240°C ami cubic form above 
that temperature [48). The density of orthorhombic and cubic forms is 1.95 
and 1.76 g/cvn* respectively |47). Ammc^rfm ion undergoes an almost free 
rotation with the potential hairier of 0.55 ± 0.05 kcal/mol |49|. The heat of 
transition from orthorhombic to cubic system is accompanied by a heat effect 
of 2.3 r 0.2 kcal/mol |S0. 1 10) . AP is nonhygroscopic |81 ) . 

The specific heat of ammonium perchlorate (51) is 0.309 cal g' deg 1 be- 
tween 15 and 240 c C and 0.365 cal g 1 deg" 1 above 240’ (\ The electrical con- 
ductivity was also examined [52 54). The activation energy of electrical 
conductivity changed from 45 kcal/mol at high temperature (over 255 C) to 
4 kcal/mol below 92°C. 

Thermal Dccomfxisition and burning of AP 

General information. Ammonium perchlorate (AP) is stable at room tem- 
perature. It begins to decompose above I30°< [56) or I50°C [55 1 . According 
to Andreev and Sun Tsuan-tsai [55) at 160* C* half-life oi AP is 25.000 min and 
at 270°C is 225 min (for comparison they gave the half-life figures for nitro- 
cellulose at I60Y and for TNI at 270°C: 170 min and 20 min respectively). 
Thus the decomposition of AP is much slowci than both above mentioned ex- 
plosives. The decomposition of ammonium nitrate above 1 7t)°C (i.c. above its 
m.p. which is I69°C) is much faster than that of AP due to the fact that AP does 
not melt. Thus the half-life of ammonium nitrate at 286' C and of ammonium 
pcrcldorate at 280°C is 5 min and 1 70 min respectively. 

The decomposition of AP with temperature follows an S-curve, which is 
typical for autocatalytic reactions. Thus, there is an initial increase in die rate ol 
decomposition through the formation of the products of decomposition and the 
fall of the rate alter those products Were subjected to decomposition. The form- 
ation of an unusual product at lower temperatures (220-300°C) has already 
been described in Vol. II. p. 479. Above 350* C the reaction is no more auto- 
catalytic. 

Numerous products are formed during the decomposition of AP. They were 
examined in Dode’s pioneering work [56) and confirmed by Bircumshaw and 
Newman (Vol. II. p. 478). Further experiments were carried out by Rosser, 
Inami and Wise |57). Dode identified the products such as chlorine dioxide (at 
temperatures below- 300°C), nitrogen, water, oxygen, nitrous oxide, hydrogen 
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chloride, mtrosyl chloride, nitrogen trioxide and nitrogen dioxide, the latter 
three compounds being the result of the secondary reaction of nitric oxide with 
chlorine and oxygen. 

Wise cl al. [57] gave a quantitative summary of the products of decom- 
position between 250° and 325°C, for example at 275°C they found: 

0.50 0 2 
0.047 N 2 
0.35 N 2 0 

0.39 Cl 2 Moles per mole of decomposed Al* 

0.19 HNOj 
0.16 HQ 
0.019 NO 

Tlie authors tried to rationalize the reaction in terms of a decomposition 
equation beginning by electron transfer followed by proton transfer (4): 

NII4CIO4 — »NII* + no«~ — -Ml, +H(Io 4 (4) 

The proion transfer was earlier suggested by Davies, Jacobs and Russel I- Jones 
|82|. A number of Soviet authors - Boldyrev ct al. [118] confirmed the mech- 
anism of proton transfer. According to Pearson and Sutton [75] perchloric acid 
decomposed to yield C10 3 and ('10 which were detected in fragmentation in a 
mass spectrometer. 

It appears that the reaction of decomposition of AP is too complicated to 
be presented in one equation. Nevertheless the deflagration of AP starting at or. 
450 ( can be depicted by equation (5) according to Kaye [81 1 

•INII 4 CI0 4 — - 2 Cl, f8H a O+ 2N,0 + 30,. (5, 

Another equation for the decomposition of APis (6) [47] : 


2 NH 4 CIO« -a, 4 411,0+ 2NO + O- (6) 

Probably both reactions can run simultaneously. 

A phenomenon of sublimation of ammonium perchlorate occurred simul- 
taneously with decomposition as mentioned previously (Bircumshaw and New- 
man, Vo]. II, p . 478), and suggested by Dode [58], Jacobs and Powling [59] 
and made the process still more complicated. 

The activation energy of thermal decomposition of AP varies from 17 to 40 
keal/mol according to various authors [47] . The wide discrepancy between their 
resu ts was due to various conditions of the reactions, various techniques used 
is a s, 8 n of the complicated nature of the reactions of the decomposition of 

\60lT Spec,rometr y fragmentation was investigated by a number of authors 
J (also references in |47]). More recent work was done by Volk and Schu- 
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bert [61]. At 240° and 280 c 'C they found the fragments: NH + , NH 2 + , NH 3 + , 
H 2 0 4 , NO 4 , 0 2 4 , C! + , N 2 0 + , N0 2 4 , CIO 4 , C10 : 4 , CIO 4 , HC10 4 4 m/e. 

Tnermal Decomposition of Irradiated Ammonium Perchlorate 
(Vol.II.p. 481) 

The work of Freeman and Anderson [62] was continued and confirmed 
the previous observation. Irradiation increases the number of nuclei and this 
affects the decomposition of the substance: the decrease in the induction period 
and an increase in the rate constant [63a] . A detailed kinetic study of pre- 
irradiation was made by Harley and 1-evy [63b]. They also found that the 
activation energy of thermal decomposition of AP was unchanged by irradiation 
at 28.4 ±2.5 kcal/mol. 

Influence of Pressure on Burning of AP 

Ammonium perchlorate can burn on condition that it is confined and that 
the pressure inside the vessel is a minimum of 45 atm. [64], or according to 
other authors above 20 atm. [65] . The size of crystals of A P have a decisive 
influence on this limit of pressure. Thus it was found that very fine substance 
(UFAP = ultra fine AP) can bum in the open under atmospheric pressure |81 1 . 
A number of authors examined the deflagration of ammonium perchlorate at 
different temperatures and pressures: Watt and Patterson |119], Boggs and co- 
workers [67] . C.la/kova |66, 18). Gla/kova examined the influence of pressures 
as high as 1000 atm. 

All authors drew attention to a number of factors influencing the data re- 
ferred to burning AP such as: size of crystals, density, confinement (e.g. dia- 
meter of tubes), material of the tubes (e.g. glass, Plexiglas). Tire typical shape of 
curves: rate of buming/pressure is presented in Fig. 75 according to Glazkova 
1 18]. The region below 300 atm. is depicted in Fig. 76 1 67] , and merits special 
attention. Here the analysis will be given as presented by Glazkova [66] . 

Four regions of burning should be distinguished, viz: 

(I) From 20 to ca. 55 atm. A steady increase is marked in the rate of burn- 
ing. The exponent n in the formula of burning u = b*p n is ca. 0.77 according to 
( 68 ). 

(m - is the rate of burning in g/cfn 2 sec,h - a coefficient, p - pressure). 

(II) From ca. 55 to 150 atm. the slope du/ty is smaller, and the exponent n 
has a lesser value than in (I), for example 0.55. 

Both regions were described by Glazkova as those of steady burning. 

(III) From 150 to 300 atm. The burning is characterized by a rapid fall in the 
rate of burning with an increase of pressure [67] . The exponent n can acquire a 
negative value, for example —3.8. In some experiments Glazkova observed a 
plateau in this region of pressures. A plateau was also found by Manclis and 
Strunin [69). 
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FIG. 7j. Kale ol burning •*aln>t prcume „r ammonium perchlorate, aicoid- 

nig to Glazkova (IS) 



MG ,6. Ram of burning of ammonium perchlorate be km 300 aim. according 

lo Bogg> ct cl (67). 

tag WtochTe 1 " pr t CSSl ' re | 0Vcr 300 a,m an tacreasc is observed in the rate of bur 
„ >T ,S Pan ' Cula 'ly mar * ce d over 500 atm. The exponent „ acquires a vah 

a, m B ) U ;;:i be,WeC ; 150 and 300 a,m - (and a “°--«tag to Ctakov. up to 5C 

of i fomiTr 3 r nS,a Glazkova and Bob olev [70| rationalized it in tern 
miat.on of water as one of the products of the reaction of decon 
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position of AP. Water remains on the surface of crystals as a liquid. This follows 
from the temperature of boiling water under high pressure. This temperature can 
he higher than that of the surface of solid AP, for example: under 150 atm., the 
temperature ot boiling water is 360 c C whereas the surface has a temperature 
320°C. 

A factor of sublimation should also be considered. Guirao and Williams 1 7 1 ) 
described the deflagration of AP at pressure between 20 and 100 atm. and 
suggested that a dissociate sublimation process is likely to exist at the interface 
between the gaseous and condensed phases. 


Density and Critical Diameter 

Bakhman, Belyaev, I.ukashenya and Polikarpov [7?) studied the influence of 
the density of AP on the rale of burning under pressures 5 100 atm. Flic mass 
rate of burning increases with the increase of density. Thus confined samples with 
densities from 1.465 to 1.95 g/cin 3 increased hy factor 2.66. Glazkova [66 1 
carried out wide experiments on the influence of density and obtained a some- 
what complicated picture: generally the rate of burning increases with density 
but follows the same rule as tegards the influence of the pressure as depicted hy 
Figs 75 76. A pulsing burning was observed under pressures 160 300 atm. 

Samples of AP do not burn if they arc confined in tubes of a diameter below 
a certain limit the critical diameter. This was investigated by Glazkova [73] 
for the density 1.2 1.4. The smallest critical diameter corresponds to the sub- 
stance burning under 100 150 atm., that is where the rale of burning is tin* 
highest. The maximum critical diameter is at 20 atm. and further increase of the 
pressure reduces the critical diameter. 

It should be borne in mind that the results of different authors aic not in 
complete agreement, due to the complicated nature of burning ammonium 
perchlorate, which depends on so many factors mentioned already and some 
other factors such as the size of particles of AP. a kind of confinement. The 
burning of AP under different pressures indicates that the rocket propellant 
with AP should not be used in systems where the pressure is over 150 atm. that 
is, where burning is unsteady (pulsating) and excludes the systems where the 
pressure is over 300 atm and the exponent /i > 1. 


Decomposition 'at higher temperatures) and Bunting of 
Ammonium Perchlorate with Various Additives 


A considerable amount of work has been dedicated to the influence of 
additives on the decomposition of ammonium perchlorate. It started by the 
pioneering work of Friedman and co-workers [64] who studied the decom- 
position of ammonium perchlorate under pressure front atmospheric to 340 atm. 
They found that an addition of ca. 3% of some mineral compounds possess a 
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catalytic action. The best catalyst was found to be cupric chromite containing 
85% CuO and 15% Cr 2 0 3 . Ammonium perchlorate with 3% of cupric and 
chromic oxides begins to burn steadily under pressure over 135 atm. and 230 
atm. respectively. With cupric chromite the steady burning was much faster and 
started under pressure of 100 atm. 

The catalysts introduce some change in the composition of the products 
formed during the burning of AP. The main reactions of the decomposition of 
NII4CIO4, according to Rosser and co-workers [57] consists in the sequence of 
the reaction already described (4). 

The experiments of Rosser, Inami and Wise [57] were the continuation of 
their work on catalytic decomposition of ammonium nitrate [74]. They exam- 
ined the action of copper chromite. They found that it acted at the early stage 
ol the reaction and its action disappeared after copper chromite was oxidized by 
the products of catalytic reaction. Cobalt oxide was found to be an exceptional 
catalyst: it produced NOCI and N0 2 CI as major products and only a trace quan- 
tity of N3O3. The authors came to the conclusion that copper chromite cata- 
lysed thermal decomposition of AP according to an electron transfer mechanism 
(4). 

Pearson and Sutton [75] did not agree with this view. On the basis of their 
own experiments and those of other authors [77. 82) that both the catalysed 
and uncatalysed decomposition of ammonium perchlorate proceeds by proton 
transfer (4) and (7): 


Nil* CIO4 — -Nltj-HlUO* (7) 

An important work was done hy Shimagin and Shidlovskii 1 76) . According to 
these authors the presence of HO (equation 6) in the decomposition products 
is not affected by 5% of Cr 2 0 3 , Mn0 2 , Fe 2 0 3 , NiO, Cu 2 0 but these oxides 
suppressed the formation of N 2 0 and increased the concentration of NO. On the 
contrary zinc oxide strongly reduced the amount of 1IC1 and did not suppress 
the formation of N 2 0. 

Pellet! and Saunders [77] studied the action of ruby laser on the AP-catalyst 
system. The first products evolved were NH 3 and HC10* and after that the pro- 
ducts of their reaction appeared: H 2 0, C10 2 . NO. HC10. Cl 2 and N0 2 . The de- 
composition of HC10 4 yielded HO and C10 2 . 

Strunin and Manelis [78] made the observation that the thermal decom- 
position of AP at 230-260°C was not influenced by pressure of 100 atm of an 
inert gas. 

Kaye in Encyclopedia of Explosives [81 ] describes over 30 metal oxides and 
salts which provide a catalytic effect upon the thermal decomposition of AP. 
•hey are oxides of Al, Cd, Cr(Il), Cu(I), Cu(II), Fe(IIl), Mg. Mn(III), Mn(IV). 
J n 3°4, Ni(II), Ni(lII), V(V), Zn and chlorides: of the same metals. Also per- 
forates of Cd, Cu(II), llg(II), Mg, Zn possess a catalytic action. 
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Mechanism of Low Temperature Decomposition of AP 

The microscopic study of the formation and growth of nuclei in solid am- 
monium perchlorate was studied by a number of authors (Vol. II, p. 481). 
Racvskii and Manelis [79a] found that the decomposition centres of ortho- 
rhombic form consists of a large number of ellipsoid nuclei of 1 -2 pm. They 
are not stationary but moving at the speed of the order 7-10 pni/min at 230 C. 
Their activation energy is 31 and 33 keal/mol depending on the direction of the 
movement. 

In the decomposition of the cubic form (above 240° C) they are spherical, 
randomly distributed throughout the crystals The activation energy of their 
growth is 17 i 1 kcal/rnol above the transition point. The dislocation in crystals 
during their decomposition was revealed etching the surface of crystals with 
ethanol [79b] . 

A number of other works on low-temperature decomposition were subjected 
to a detailed review [47]. Also the monograph of Glazkova (18] should he con- 
sulted. 


Explosive Properties oj A7/ 4 C70 4 

The following are data according to Meyer [80) : 


enthalpy of formation 
heat of explosion 
deflagration point 
lead block expansion 


—602 keal/kg 
266 keal/kg 
350°C 
195 cm 3 


According to Kaye in Encyclopedia of Explosives |81 ] : dry, f ine grade AP can 


detonate from No 8 blasting cap. 


detonation rate of dry AP was 3400 m/s, 
detonation rate wet with ethanol AP4200 m/s, 
detonation rate wet with acetone AP 4500 rn/s. 


(no information w ( as given as to the density and the quantity of the liquid). 
Lead block test gave 46% of picric acid, ballistic mortar 100% of TNT. 


An electrostatic discharge of over 5 joules was required to initiate a decom- 
position of AP. 

Impact sensitivity was found to be 91 cm for 50% explosion (as compared 
with 61 cm with picric acid). 

Heat Test at 100°C: after 48 hours 1% weight loss, between 48 and 96 hours 
0.6% loss. No explosion occurred after 100 hours. The above data indicate a high 
stability of ammonium perchlorate. 

The detonation equation (8) was given by Kaye [81] : 


2 Nll 4 C10 4 + 4 1I 2 0 + O: + Cl 2 + 2 NO. 


( 8 ) 
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Price, (lairmont and Jaffe [83a| carried out an extensive investigation of de- 
tonation of ammonium perchlorate as a function of density and particle size. 
They expressed their results in equation (9): 

Di=- 0.45 + 4.19 p 0 (9) 

where p 0 is the density in g/cm 3 , D{ = detonation velocity in mm/ps corres- 
ponding to the infinite charge diameter. 

Equation (9) is valid for p c = 1 .0- 1 .26. 

Price and co-workers [83b) extended their results to densities below 1.0 and 
their equation took the shape: 

Di = 1.146 4 2.576 p 0 
0.55 < Po < 1.0 g/cm\ 

For p 0 = 1.0 the values of D were: 


diameter 
d cm 

2.54 

3.495 

5.08 

7.62 


2.824 mm/ps 
3.027 
3.295 
3.393 


The extrapolated value D/ was 3.702. 

At a still lower density, e.g. p 0 = 0.55 the Z>, value was 2.530 mm/ps 
Decomposition occurred according to the equation 


NII4CIO4 


0 5 Nj ♦ 0.5 11, + 2 H,0 * O. 


Manufacture of Ammonium Perchlorate 

Dr. a commercial scale AP is prepared by tire interaction of ammonium chlor- 
ide with sodium perchlorate. The less soluble AP precipitates and is filtered off 
leaving a solution of NaCI. A schematic diagram by Kaye [81 ) is given in Pig 

According to Schumacher’s patent [84] the reaction between anhydrous am- 
monia, concentrated hydrochloric acid and aqueous (56%) NaCIO* and recycled 
mother liquor from the NaCI crystallizer are heated with steam to 90°C. By add- 
mg MCI the pH of the reaction is kept close to 7.0. The reaction liquor enters a 
crystallizer where the temperature is lowered to 35°C by vacuum evaporation 
* n< * brought to a supersaturation. The crystals of AP are centrifuged, recrystal- 
c d, washed with a saturated solution of AP (to remove the traces of sodium 
chloride). The mother liquor enters the sodium cliloride crystallizer where water 

K ren| oved by vacuum evaporation and the mother liquor is recycled to the re- 
actor. 
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NaCI 

(Dumped) 



FIG. 77. Diagram o! mamifacluie of ammonium perchlorate according to 

Kaye (XI ]. 


Lor high burning rate propellants a fine particle si/.e ammonium perchlorate is 
required and can be produced by three processes according to Kaye [ 8 1 1 : 

(a) In a jet mill in the atmosphere of nitrogen or helium at 82°C. Tire powder 
of AP of 5 p is collected in trichloroethylene. 

(b) By slurry grinding. A slurry of 85 parts of 1 ,1 ,2-trichloro- 1 ,2,2-lri rluoro- 
c thane (Freon 113) and 15% of AP and a small portion (0.15 parts) of a sur- 
factant is ground for 1 60 hours to obtain a particle size of 1 .72 p. 

(c) By freczc-drying. An emulsion made of AP in water and 1% Nopogen 
emulsifier and 0.1% Johnsons Wax. The emulsion is free/.c-dricd in a vacuum 
sublimator to give a product of particle siz.e 0.37 p. The Wax or some polymers 
such 3S 2 -cyanoacrylate were added to prevent crystal regrowth. 

• 

Specification 

The U.S. specifications [81] require 99.0-99.3% purity, total moisture 
0.05-0.08%, surface moisture 0.02%, NH4CI 0.03-0.15%, NaClOj 0.02%, 
Bromates as NaBrOj 0.0-0.004%, K 2 Cr0 4 0.0-0.015%, iron (as Fe) 0.001% 
or (as Fe 2 0 3 ) 0.0036%, ash (as sulphates) 0.25—0.30%, volatiles 0.04%. 

Meyer [80] describes three grades of specification: A, B and C which are 
similar to the above, and in addition: water insolubles 0.01-0.03%, residue from 
sulphuric acid forming 0.3%, Na and K not more than 0.08%-, Ca 3 (P0 4 ) 2 
0-0.22%, pH 4.3-5.3 or 5.5-6.5. 
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Specifications also include particle size. 

Meyer [80] mentioned seven classes: 

(1) ^trough 420-297 p sieve, retained on 74 p sieve, 

(2) and (3) through 297 and 149 p sieve respectively, 

(4) ' 50-70% through 210 /r sieve, 

(5) through 297 p sieve, retained on 105 p sieve, 

(6) 89-97% through 297 p sieve, 

(7) 45-65% through 420 p sieve. 


PERCHLORATES OF METALS (Vol. Ill, p. 230) 

A considerable number of perchlorates of metals have been described in the 
monograph by Schumacher [46] and also in the Encyclopedia by Kaye |8I] 
A short review of the properties of metal perchlorates was given by Shidlovskii 
[85], lie compared the thermochemistry' of their decomposition according to 
tbc general equation: 


M<nc>4 )„ — ► MCI, ♦ 2/1 O, - A//. 


He pointed out that three decomposition groups exist; 

(1) Perchlorates ot K. Kb, Cs decompose with a very small thermochemical 
cllcct, for example with KCI0 4 it - Ml = 0.6 kcal/mol. 

(2) Perchlorates o! Li, Na, Mg, Ca, Ba which decompose with a small exo- 
t 'crime clfect: U and Na of - A// = ca. 6 kcal/mol. and Mg and Ba of the same 
value for equivalent. Thus for Ba(CI0 4 ) 2 - A// - 12.8 kcal/mol. 

(3) Perchlorates with a marked exothermic decomposition, for example silver 
perchlorate which gives - A// = 22.3 kcal/mol. Silver perchlorate possesses ex- 
plosive properties (Vol. Ill, p. 232). 

It was found that when free of any organic substance, it is insensitive to 
mechanical action. However with a small amount of ethyl ether it shows a high 
sensitivity to shock and friction and has caused a few accidents. 

Recently a less explicable accident has occurred [109] with cobalt (II) per- 
c > orate. Hie salt had been prepared by allowing aqueous perchloric acid to 
react with an excess of C’oC0 3 , filtering off the excess carbonate, reducing the 
oiume and crystallizing out the salt. The explosion occurred when the caked 
ass of crystals was placed in a mortar and tapped gently to break it up. No 
/game matter is thought to have been present. Extreme caution should be taken 
handling Co(C10 4 ) 2 and similar salts. 

The mechanism of decomposition of barium perchlorate was examined by 
Ja cobs, Solymosi and Rasko [113]. 
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OTHER PERCHLORATES (Vol. II, p. 483) 

Hydrazine perchlorate fhyzazinium perchlorate) 

NH, NH, + CIO,- 

Conant and Rooj [93] studied the crystal structure: they found it to be 
orthorhombic with m.p. 131- 132°C and density 1.939. Carleton and Ixwis 

[94] studied the phase system with water and reported m.p. 142.4°C and a 
hydrate N 2 H 4 -IICI0 4 - % ll 2 0 losing watci at 6l-64°C. M.p. 137-138°Cof 
the perchlorate was also reported [95] . 

Heat of neutialization of HCIO. with N 2 ll 4 was - 44.4 kcal/mol and heal of 
lonnation A//, 42.9 kcal/mol [96] and A//.- = 40.7 kcal/mol [97] . 

It can be prepared by neutralizing aqueous solution of hydrazine with HC10 4 

[95] o: by double exchange of hydrazine salt with an inorganic perchlorate dis- 
solved in lower alcohols [98] . 

The deflagration of Hydrazine Perchlorate was studied by Levy, von Elbe and 
co-workers [111]. They found that it could be catalysed by copper chromite, 
potassium dichromate and magnesium oxide. The entropy of vapourization and 
dissociation: 

N,ll,CIO« — * n,IUHCI0 4 (II) 

is 7 3 cal/deg. mole. (A similar figure was found for the entropy of dissociation 
of ammonium perchlorate into NH 2 and IIC10 4 : 71 cal thermal dissociation of 
deg. mole.) Oiclecki and Cruicc 1 1 1 2] examined also hydrazinium diperclil orate 
(see below) and found its decomposition to be autocatalytic. On the contrary 
monoperchloratc is not autocatalytic. 

Volk and Schubert 161] examined the fragmentation in a mass spectrometer. 
They found Nil/, Nil/. H,0 + . lljO + . N 2 H 4 + . N 2 H 5 + , CIO/, HCIO/. 

On heating it decomposes at 230°f [95] , but Shidlovskii cl al. [96] gives the 
ignition temperature 277 -280°C. On detonation the volume of gases is 864 
1/kg [96] . 

Lead block expansion is the order of 1 13% of Picric acid or 122% of TNT 
[81]- 

Hydrazine Diperchlorate 

|NH 3 Nli 3 | 24 (C10 4 )“ 
m.p. 191°C. 

The compound has the density 2.21 . 

Salts of Hydrazine Perchlorate and Chlorate Complexes 
(Vol. Ill, p. 230) 

Complex salts of hydrazine and perchlorate were described also by Maissen 
and Schwarzenbach [99] and in the Encyclopedia [81]. 
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Nurosyl Perchlorate (Vol. II, p. 484) 

^ Fragmentation in a mass spectrometer was described by Volk and Schubert 


Hydroxy lam ine Perchlorate 


mi 2 UN-HnO, 


m.p. 87.5 -90 c C 

de Tr ,g ai 1 2o ° c - ,,eai was - 

IlaCIO In, , S prCpJrc ' 1 b V reaclin 8 hydioxylamine sulphate wth 

Ba( ‘° 4 • lmpac ' sem,t,vl, y was of 1 5 cm by 2 kg faUing weigh. |8I | . 


Mcthylamine Perchlorate (Vol. Ill, p. 484) 

ch, nhj cior 

m.p. 255°C (d) 

ThJ'subMan 13 . 1 St,UC,U r WJS rep0rted b y S' 3 '""' 1 " 1 1001 and Zanar.z, Moil 

a. 77’ c , ss cW T^\ * P ,™= tM °" " ' 78 ° C - ■*«*»«<» P'-w I 

‘ ,s 158 Wm . Phase 1 at 200°C is 1.58 g/cnr J 

r 

Guanidine Perchlorate (Vol. Ill, p. 485) 

from a, cy^omanidhK W Lid < * e * cr ' bei * 'he method of making this substance 
Properties wTe rej fedT J^Tf ^ pl ’>™'~' 

wo c k r [ : 051 - hund i ° be ^ g to K,iv, " v and - 

««ch 7750m/, P « ^ tXplosive: i,s rate ol ' detonation can 
/s J! p 1.67. and lead block expansion 400 cm 3 (106) 

itr °guanidine Perchlorate 

b y RowlovskT'KHw^'^V*^^ ! S a ? exo,hermlc impound, was obtained 
-51.5 k c ° /m "; K ' MS0V and T,,ova I 9 ' I ■ “s enthalpy of formation is - A ,f. : = 
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flu o roam m onium Perch lor ate 

NII 3 FC10r 

Tins substance was prepared by Grakauskas and Baum ( 1 07) : a solution of 
ethyl (or isoprnpyl)-jV-fluorocarbamate in 70% llt"10 4 was heated until C0 2 was 
evolved at 68°C. The excess of perchloric acid was removed undei vacuum: 

CjHjOCONIIF 4 HCIO* -NH.mOa + CO, t-C a H s ()(IO,. (12) 

Muoroainmonium perchlorate has an appreciable vapour pressure, subliming 
at 46°C. 


Nitronium Perchlorate (Vol. I, p. 19) 

no, + no; 

The substance forms hygroscopic crystals which melt on decomposition at 
1 35°C without explosion. 

The original product obtained by llantttch (Vol. I, p. 19) proved to be a mix- 
ture of nitronium perchlorate and perchloric acid monohydratc (Goddard and 
co-workers |1 16)). Nitronium perchlorate was obtained by distilling anhydrous 
perchloric acid onto an excess of dry dinitrogen pentoxide at -80°C and the 
mixture was kept in vacuo to remove volatiles. The product was composed of 
89% nitronium perchlorate and 11% perchloric acid hydrate. Bure nitronium 
perchlorate was obtained by repeating the experiment in nitromethane with a 
large excess of N 2 0* (117). Cordcs [l!4j examined the decomposition be- 
tween 70 and 1 12°C and found gaseous products N0 2 . Cl 2 . CI0 2 , NO, Cl and 
() 2 . M D. Marshall and Lewis (115) established that at 65°C the major products 
were nitrosonium perchlorate and oxygen. Nitrosonium perchlorate lurther de- 
composes: 


no ( I0 4 — ► no, 4 n o, 4 w. O, 


: a o, 



PERCHLORIC ACII) AND CHLORINE OXIDES 

Thermal decomposition of ammonium perchlorate and perchlorates of other 
bases raised problems of the decomposition of perchloric acid and oxides of 
chlorine. This was extensively reviewed by Schumacher (46) , Zinovyev (86], 
Jacobs and Whitehead [47] , Pearson (87) . 


«TC 7i| .4 F 
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Perchloric Acid (Vol. HI, p. 313) 

Thermal decomposition of perchloric acid is a complicated process and the 
trend of decomposition depends on the temperature. The process is particu- 
larly complicated at temperatures below «. 3I5°C. Above that temperature the 
reaction is homogeneous (8). The following are products found in the region 
200-440 C: Cl, Cl 2 , 0, 0 2 , 1 1 2 O and chlorine oxides [60, 88, 89] . 


Chlorine Oxides 


Chlorine oxides arc compounds of a relatively low stability, the most stable 
being Cl 2 ()and C1 2 0 7< 

Chlorine monoxide (C1 2 0) is explosive if heated rapidly or overheated 
locally, but on caretul heating the decomposition between 100° and 140°C is 
measurable [90] . 

Chlorine heptoxide (Cl 2 () 7 ) was studied at temperatures of 100 120°C 
[91 ] , it decomposed to chlorine and oxygen The decomposition of liquid com- 
pound was examined [92] at 60-80°C. 

The decomposition ol other chlorine oxides arc given in a review | 47 ) 
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CHAPTER 17 

primary explosives- 
initiators, initiating 

EXPLOSIVES, (IE) 

(Vol. 111, p. 129 ) 


INTRODUCTION 
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5. Stability on storage at room temperature and elevated temperatures (e.g. 
up tc 1 50°C) and in some types of charges at low temperature. They should not 
react with carbon dioxide in atmosphere. 

6. Absence of corrosive effect of the substance on metal used for initiating 
elements (cups and tubes). 

7. Ease of safe manufacture of the substances. 

Failure to answer one of the above conditions may cancel the practical 
application of the substance. 

An important property of II: is their ability to burn to detonation under re- 
duced pressure. This is of significance to space research, and will be discussed 
below. 


BURNING Or IF UNDER REDUCED PRESSURE 

There has been some controversy as to whether initiating explosives can bum 
and eventually detonate under reduced pressure. The earlier literature reported 
that they do not burn in a ‘high vacuum* [39]. Muraour and Schumacher [40a] 
found that initiating explosives can burn to detonation under pressure of 10 3 t«» 
10“* ton. This was not in agreement with the earlier finding of Bin lot [4 la]. 
Burlot |41b) reported that different initialing explosives arc characterized 
by a critical low pressure: the explosive cannot burn and detonate if the 
pressure falls below that limit. The critical pressure amounts to as much as 15 
toir for mercuric fulminate and 2 X I0~ 2 torr for lead azide. Belaev |42, 44], 
Bcljev and Bclacva |43| scctn to confirm the view of Burlot. although they did 
not examine the pressure below 2-3 torr. 

T. Urbariski and Stanuch [45] undertook experiments to clarify the existing 
discrepancy particularly in view of the importance of the problem. 

Their conclusion was that initiating explosives can be divided into five classes 
according to their behaviour when ignited with a resistance wire under reduced 
pressure. Here is their classification. 

(I) IF which readily detonate when ignited cither as loose powder or pressed 
pellets at pressure as low as 10~ 5 torr. Lead, silver and mercuric azides, silver and 
cadmium fulminates, lead styphnate and m-dinitrobenzdiazonium perchlorate 
belong to this group of compounds. All the above substances are characterized 
by a very short period of burning preceding detonation. 

(II) IE which readily detonate when ignited as pellets at pressure as low as 
KT* ton. When in the form of loose powder they detonate under a pressure 
above 1 torr. Cyanuric triazide and hexamethylenetriperoxide diamine belong 
to this group of compounds. 

(II!) IE which burn without detonation when ignited as pellets under pressure 
of the order of lfT 4 torr. Under atmospheric pressure they burn to detonation. 
When in the form of a loose powder they partially bum under pressure of 1 torr 
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4. Diazo compounds 
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MERCURIC FULMINATE (Vol. III. pp. 129. 139, 

.TrrX 8 XX,l ”?T ■ ""“" d *“W» »f to early 
minute which began in 1800 th ' *° the format,on 01 mercuric ful- 

Further work was In k ? ^ !° ,hC WOrk of »^d (Vol. III. p . 129) . 

and a number of other authors « m 'S ^ Cay ' MSSac f 6 J • Gerard [7] 
J"* &ven by Nef [19] supported,,^ w A C0Fre ;' S,ructu ' e fnlmimc acid 
b y 'Mi eland and Hess [21] L ,nd lcodo '‘>'vits [20J and later 

Polymerization of fulminic acid was studied by Wielar.d and Hess [21] and 
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much later by Birkenbach and Sennewald [22]. These works led to rationalize 
the polymerization to a trimer given in Vol. Ill, p. 133 as formula VII. 

Dansi [23] criticized the scheme of Wieland (Vol. Ill, p. 135). He could not 
obtain fulminates of mercury and silver by acting with their nitrates on iso- 
nitrosoacetic acid. The salts of isonit rosoacetic acid did not yield fulminates 
when acting with nitric acid (equations 5 8, Vol. HI. p. 135). This casts some 
doubt on the accuracy of Wicland’s scheme. 

The structure of meicuric fulminate was also confirmed by Angelico through 
the ingenious formation of the compound from malonic acid (Vol. Ill, p. 136). 
ponzio [24] found that nitrogen dioxide reacted with oxaminoacetic acid (I) 
yielding metliylnitrolic acid (II) and therefore the reaction of Angclico-Ponzin 
should be presented by scheme (1 ) according to 1 1 ] : 


<!!,« oom. - 





11) 


1 


Physical Properties 

The problem of difference in colour of mercuric fulminate (grey and white 
crystals) docs not scent to be fully solved. The view of Solon ina (Vol. Ill, p. 
138). Philip [25], Langhans [26| . Marshall (Vol. Ill, p. 138) that the grey 
colour mercuric fulminate is due to some organic impurities seems to be correct. 
Crystallization of the substance from a solvent always yielded a white substance. 
The coloured products are probably resinous polymers of fulminic acid. The 
latter contains a double bond and is liable to polymerize. Whitening of mercuric 
fulminate by adding cupric salts appears to be an optical effect. 

llte density of mercuric fulminate on pressing into a No. 8 copper detonator 
case is according to Wohler and Roth |2"| : 

Pressure kg/cm 2 100 250 500 1000 2000 

Density g/'em 3 2.36 2.61 2.99 3.47 3.76 

Technical mercuric fulminate contains (according to Bagal [ 1 ] ) mercuric 
oxalate, mercurous oxides, inclusion of the reaction liquor, mercuric chloride. 
Bagal also mentioned the presence of metallic mercury which proved to be not 
always correct according to Solonir.a [28]. He examined samples of grey mer- 
curic fulminate by keeping them and frictioning on gold plates and no formation 
of amalgamate was noticed. 
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Many authors stated that keeping most of the solutions of mercuric fulminate 
lor a longer time leads to the decomposition of the substance. According to 
Solonina [28] a solution of mercuric fulminate in 22% aqueous ammonia pro- 
duced a decomposition of the dissolved substance and mercuric oxide pre- 
cipitated after 12 hours of keeping the solution at room temperature. Pyridine - 
a good solvent of mercuric fulminate - may also bring about decomposition 
with a precipitation of metallic mercury [26, 28]. Also a yellow coloured pre- 
cipitate may be formed with a low content ofllg(ctz. 58.5%) [1). 



Chemical Properties 

As pointed out in Vol. HI (p. 140) mercuric fulminate is subjected to decom- 
position under the action of concentrated acids. Aqua regia produces chloro- 
picrine. Iliiocyanic acid gives an exothermic reaction with the formation of mer- 
curic sulphide. If the temperature rises high - metallic mercury may be precipi- 
tated [1]. Ncl [l‘>] examined the action of hydrogen sulphide on silver fulmin- 
ate and came to the conclusion that the salt of thioformhydroxamic acid (III) 
is formed. C’ambi [29] tried to isolate the free acid. However it decomposed 
readily yielding thiohvdrocyanide: 

H 

C — NOH ► IICNS ♦ 11,0 (2) 

Hi III 

I he reactions of metals with mercuric fulminate was describee for the first 
time by ( heltsov in 1883 [30]. Dry mercuric fulminate did not react with 
metals - such as copper or brass, but in the presence of moisture a gradual form- 
ation of amalgamates occurs with time. Subsequently all elements containing 
mercuric fulminate and pressed into metal casing should be protected from 
moisture by varnish or air-tight casing. 

Hygroscopicity of mercuric fulminate was examined by Kast [31) . He found 
that technical mercuric fulminate is non-hygroscopic: in 100 % moisture atmos- 
phere during 80 days at room temperature its weigh: increased by 0.16%. Mer- 
curic fulminate reacted with potassium chlorate in a moist atmosphere and mer- 
curic oxide resulted. 

Sensitivity to impact. .As a typical IE, mercuric fulminate is very sensitive 
to impact. Bubnov (according to [!)) reported that grey mercuric fulminate is 
slightly more sensitive to impact than the white species. 


Chemical Stability and Behaviour at High Temperature (Vol. Ill, p. 141) 

The earliest experiments on the stability of mercuric fulminate belong to 
loitsema [32] and Solonina [28]. Hoitsema examined the behaviour of mer- 
ainc fulminate under reduced pressure. 
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ture explosion occurred: 

at 190‘C after 8-10 sec. 

200°C after 7-8 sec. 

205°C after 5 sec. 


Behavioural Low Temperature 


- - t* ■ u —a - l tss 

2365 mfc and 2350™/..t .■>«" »" 4 “ » 

nark 

... r 

S ZST* ::=« r « - ■ - — 


Action of Light 

•n,c following S'inmicl'ofsu.'ligh 0 . 

«*- 0.37 and 0 .14 nd of ««■ 

monoxide according to the equation. 


HgtONf): 


llg + 2 CO + Nj. 


He also compared homing of samples: irradiated ^ 

100°C and found a similan.y between the action of .rrad.at.on and pre-heatmg. 
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Burning under Reduced Pressure 
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samples of the 11, If the slinnh ls nord p ' lcnt,,ne " on •" terms of -preheated 1 
Hie hot gases of decomposition!,, n e , T, presscd 11 ,s sufficiently porous for 
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Initialing Properties of Mercuric Fulminate 

«,.] lube: ‘ ” f “* p,«»d imo . cyllndrfc.l 


,so1 ~ - h -»«- - - 


1 JLE 7.. Critical charges of mercuric fulminate 


Initiated explosive 

Critical cha 
K 

PI N 

* — — 

Tetryl 

0.35 

TNT 

0.36 

I'clryl + 10% paraffin wax 

0.38 

Telry| + 20% paraffin wax 

0.36 

0.44 


Properties* of'mercu^^ulmhfa ' nl ^ nce of lhe me,al caa 'ng on the initiation 
mercuric fulmtnate. The cnt.cal charge was found to be smaller 
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in a hard metal (e.g. steel) than in a soft one (c.g. copper). The figures were: 
0.24 g (steel) and 0.38 (copper). 


Other Salts of Fulminic A (id ( Vol. Ill, p. 157) 

The only other salt of fulminic acid which was in some limited use was silver 
fulminate. However it no longer seems to be in use, and other salts were also of 
no use. 


Manufacture of Mercuric Fulminate 

No changes in the manufacture as described in Vol. Ill, p. 149 can ho found. 
The only note of historical interest is that experiments were made by replacing 
ethanol with methanol in the manufacture o! mercuric fulminate. Negative 
results were reported by Dumas and I'cligot [51]. However Stahlschniidl 
claimed to have obtained mercuric fulminate horn methanol as early as I860 
according to [1 ] The discrepancy was explained later, c.g. |20|, that methanol 
of Stahlschmidt contained dimethyl acetal a derivative of acetaldehyde, and 
this discovery' led to tlu* finding |20| that mercuric fulminate can be obtained 
with a high yield and purity front acetaldehyde. 


Filers of Fulminic Acid 

Recently NVentrup, Winter and co-workers |182| described the reaction lead- 
ing to the formation of esters of fulminic acid by vacuum Hash pyrolysis (300 
6(>0°O and matrix photolysis of 4-oximinoisoxa/.ol-5(41 l)-oncs 


til. nok 



The esters are unstable and decomposed above IO0°C: when K - CHj, it 
yielded formaldehyde arid hydiocyanide. 

HYDR AZOIC ACID. ITS DERIVATIVES AND SALTS (Vol. Ill, p. 161) 

The chemistry of hydrazoic acid derivatives have recently created a wide 
literature |2, 3, 126, 184) owing to the fact that azides arc convenient starting 
substances in preparative chemistry. This was reviewed by L'abbc |4| and partly 
by Boyer [52] in his recent paper on covalent oxygen bonding of nitrogen 
attached to carbon. Also a review on carbamoyl azides appeared [53]. 
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Decomposition of Azides 

Decomposition of azides very often begins with formation of nitrenes which 
contain uncharged nitrogen radical intermediate according to reaction (4) 


R-N, 


A oi hv 


R-N- +Nj. 


Chemistry of nitrenes was also reviewed [54, 55) . 

Tiie formation of free radical HN- by decomposition of hydrazoic acid has 
been suggested by a number of authors since 1928 (see Vol. III. p. 167). This was 
substantiated by experiments on the decomposition of HN 3 by the flash photo- 
lysis of Thrush (Vol. Ill, p. 167). The formation of nitrenc radicals from azides 
by flash photolysis was reported simultaneously and independently by Koto 
1- 6] Reiser or ai (57-59). Reiser rationalized the reaction derived from flash 
photolysis of formation of azo compounds (5): 


RN- + RN, 


RN NR * N, 


Nitrenes have triplet ground states. At room or higher temperature they can 
behave as triplet diradical and singlet electrophilic species. They have a very 
short time of several microseconds, but can undergo stabilization by a number of 
reactions, such as: isomerization to amines, dimerization to azo compounds, ring 
closure to heterocyclics, various addition reactions [4|. Curtius rearrangement 

1 ,1 _ ,s on * 01 !hc c,assica! samples of passing through the nitrone formation. 
Infra-red study of thermal decomposition of NJ ion (e.g. KN, at 345- 

3 50 C) shows the formation of NCO as a by-product of CO, trapped during 
pressing and the possible reaction: 


N, * CO, 


NCO + V, O. n>. 


Azido compounds can be convenient intermediates in the synthesis of natural 
products containing amino group. Tims crystalline 4-amino hexoses can be 
lormed by hydrogenation oi 4-az.ido hexoses [70] . 

Heterocyclics from Azides 

An important reaction is 1,3-dipolar cycloaddition reviewed by lluisgen [61). 
An example can be seen from the reaction of styrene (dipolarophile) and picrvl 
azide (1 ,3-dipolc) yielding a triazolinc (IV): 

®^N.G 


C 6 HjCH = CH, 


N- j* C*Hj (NO})) 

CH — CH, 

C*H, 

IV 
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,3-DipoUr addition should also occur between nitrenes and acetylenes [611 . 
■n,e triazoles (IV) can lose N, yielding anndmes [72] (\ ) 

N ' c, k 

V L - Ni 

Vh_<h v 


pyrolysis of vinyl azides offers an interesting method of forming azirincs [62] 


(VI) 


A similar result was obtained by photolysis of vinyl az.de. The reaction can 
rv , I v i, 71 possibly through the intermediate formation of azin 

,65,) - 


a' 


hv. but (BID 



t* mm. or M, — «*« ‘r 

can lead to ketones [71 ] . 


Other Reactions of Azide Anion and Radical 


An unusual teac.ion was recently reported by Ho. and 
reachon of azides with ni.roalkenes. resulting in the format, on of V-cyano 


pounds (VIII) 


J * NaN * (DM SO) 



. N,'2 N0 2 


No, 


S (CN) 

VIII . 


The mechanism of the reaction is not quite clear Forster and 

Another interesting reaction comes from the [ ac conditi ons as an infra- 
Fierz [67] that the azido-g.oup can function unde, basic cond. 
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C.H,CH,CN — BS/ca : 


2 S,-/<CH,) ; SO ' C,H,CN * N > * CN 


(7) 


905 




Some Organic Azides 

or«7Cr s ”" p ‘ orow "“ ■ *» «• *«.. 


interest because 


Such are carbamoyl azides |53] of a general formula (IX) 

R \ if 

N-r- N| 


R- 


IX 


Therc arc three methods of preparing IX- 

SC "" CarbaZidC ° r 0the ' compound, con.aimng ,he carbo- 


RNIICONIINH, ‘-!2*2 RN|)t 0N> + ||)0 
2- Reaction of isocyanate with hydrazoic acid: 

KNCO f JIN, — ► RNHCONj 
3. Reaction of carbamoyl chlorides with metal 


(*> 


(9) 


azides: 


Voci ♦ NaN, 


r! 


/ 


R 


\c 

< 


ON, ♦ NaCI 


00) 


tSaSS I.T* -H** s- 

( ) I73J, a substance with explosive properties: 


MI,— c— N, 
NH 


NH, f 


— Nil 
I I 


No similar cydization can occur with carbamoyl azide. 






§• 

; 
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An interesting azide which is in use as a source of triazolines and aziridines 
[72] is a cyanogen azide, CN-N 3 . It can be obtained according to Marsh and 
Hermes (74) as a colourless explosive oil by a simple reaction of sodium azide 
with cyanogen chloride. It is not stable at room temperature but in a 27% solu- 
tion in acetonitrile at 0° to — 20° C can be kept undecomposcd (see also [75] ). 
Later on Coppolino reported [76] that cyanogen azide can be decomposed 
when kept in solution even at — 20°C. With alkenes it does not give very stable 
traizolines. 

Carbon azide C(N 3 ) 4 is not known. However Muller and Dehnicke [105] 
succeeded in obtaining a complex salt with triazidocarbonium ion (XI) by re- 
fluxing antimony azidochloride in carbon tetrachloride: 

Sb<N,)0« — |C(N,)|*<SbCI«)’ 

reflu* (4 hr) 

XI 


It decomposed after melting at I45°C. 


Danger of Handling Azides 

The danger of handling apparently stable organic azides has recently been 
described |77|. Thus: 

1. Ethyl azide exploded when kept at — 55° C for a few minutes, the reason 
for the explosion could not be elucidated. 

2. p-Tolucncsulphouzidc exploded during distillation under reduced pressure. 

3. A derivative of siladiazide (Cll 3 ) 2 Si(N s ) 2 exploded after being kept for 
three years when the flask with the substance was opened. Also Cl 2 Si(N 3 ) 2 , 
CISi(N s )j, Si(N 3 ) 4 residues from the distillation of the products of the re- 
action between SiCl 4 and NaNj in tetrahydrofurane exploded. This was 
probably caused by HN 3 evolved from the above products. This is not surprising 
in the light of the observation below. 

Hydrazoic acid (Vol. Ill, p. 166) is relatively stable, but can explode spon- 
taneously on handling. Curtins and Radcnhausen 1 78 ] described two unex- 
pected explosions: (1) when the substance was introduced into a barometer 
vacuum tube. (2) when the glass vessel containing the acid was removed from a 
cooling bath. A suspicion was advanced that hydrazoic acid stored for a long 
time in a glass container is more dangerous than the same acid freshly prepared, 
probably due to impurities taken from the glass [79-81 1 . 

4. Borazidcs: (CH 3 ) 2 BN„ (C1 2 BN 3 ) 3 , B(N 3 ) 3 .Py exploded without any 
apparent reason when poured or taken with a nickel spatula. 

5. Esters of azidoacetic acid, for example N 3 CH 2 COOt-Bu can explode above 
80 3 C [82 1 . 

6. Acyl azides can present danger in handling, for example during distil- 
lation in vacuo. An accident with toluene-sulphonyl (tosyl) azide has been des- 
cribed. 
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Cyanic Triazide (Vol. Ill, p. 194) 

aPP ! iCa "° n t,as been f0Und for thi * ln,c rcsling compound owing 
to «s sensitivity to handling, impact, volability and hygroscopidty [142-144? 

Nevertheless its structure aroused a certain amount of interest and the X-ray 

sszr** [1451 ' u conrirmed ,he siruc,u,e eiven in voL ««. p 


Explosive Properties of llydrazolc Acid 

M^dard [88] reported thermochemical data for hydrazoic acid: 

(teat of formation A//, = 71.66 kcal/mol (gas) 

= 64.37 kcal/mol. 

imZ I™ , t ,°K, Ba i al Ul aqUe0US solu,i "" s of hydrazoic acid can detonate: 

isa:s ratc ° f ■ de,ona,i ° n 7300 m/s Anhydroush ^ r - 

* 

hJn'l 11 ' f “ Can P, ° dUCe a “ cx P' osion pf Mrazoic acid. An accident has 
been described of an explosion of the substance, caused by the friction of a 
piece ol glass in a flask put there to produce more uniform boding [94] . 


Ammonium Azide (Vol. Ill, p. 190) 

of sa i! i tirac,ed a,,cmi ° n as u *'*'*** a 

of gas 1 148 1/kg the highest figure for all explosives. 

cr * s,aUine substance, readily soluble in water and 80 % ethanol, in- 

volatile T ! u, an b ? nZCne ' 11 r" S a ' 160 ° C and be « i " s 10 decompose. It is 

di fe n,T S ,eS belOW 250 C Undcr 150 The -pour pressure a, 

anlerent temperatures was determined |l) : 


at 

was found 


48.0°C 

4.5 


85°C 

55.1 


125°C 

508.1 


134.2°C 
782.1 mm. 


ini" b : atedundar a,m ° s Pheric pressure it decomposed while dissociating 
'oNH 3 and HNj and finally the HN 3 exploded [103] . 

action' easles ‘ me,hod of Preparing ammonium azide [125] consists in the re- 
100 " r °. f . T aZ ‘ de with ammonium chloride in dimethylformamide at 

fonnam u ICr " e j .' eaCll0n subsided . 311 was c ooled to 60-70°C and dimethyl- 
out.' ' ' ^ dis,llled under reduced pressure. Ammonium azide crystallized 

forte? ? U$ly T enti ° ned (VoL n,) 3 Prac,ical application has not been found 
fte substance due to its volatility. 
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PHYSICOCHEMICAL AND EXPLOSIVE PROPERTIES 
OF METAL AZIDES 

The fundamental problem of why some azides (e.g. KN 3 ) are not explosive 
whereas others (e.g. Pb(N 3 ) 2 ) arc. is still not fully understood. Nevertheless a 
great amount of information has been collected to date on various physico- 
chemical properties of azides which can partly throw some light on the problem 
(see Table 73, Fig. 79 and 1 189)). 

They are assembled in Vol. 1 of [3) and include the chapters: 

Introduction. R. F. Walker (p. 1), 

(1) Synthesis and the Chemical Properties, T. A. Richter (p. 15). 

(2) The Growth of Crystals, W'. L. Garrett (p. 87). 

(3) The Crystal Structures, C. S. Choi (p. 97), 

(4) Molecular Vibrations and lattice Dynamics, Z. Iqbal. II. J. Prask and 
S. F. Trevino (p. 131), 

(5) Electronic Structure of the Azide Ion and Metal Azides. T. Gora, I). S. 
Downs. P. J. Kemmey and J. Sharme (p. 193), 

(6) Slow Thermal Decomposition, P. G. Fox and R. W. Hutchinson (p. 251), 

(7) Imperfections and Radiation Induced Decomposition, W. I . Garrett, 
P. L. Marinkas, F. J. Owens and D. A. Wiegand (p. 285), 

(8) l ast Decomposition in the Inorganic Azides. M. M. Chaudhri and J. E. 
Field (p. 383). 

(9) Stability and the Initiation and Propagation of Reactions in the Azides, 
J. Alster, D. S. Downs, T. Goza, Z. Iqbal, P. G. Fox and P. Mark (p. 449) 

Vol. 2 of (3) contains a description of more practical problems: 

Introduction, R. F. Walker (p. 1) 

(1) Processes for the Manufacture of Lead and Silver Azide, T. Costain and 
F. B. Wells (p. 11), 

(2) Analysis of Azides for Assay, and in Complex Media, H. Kramer (p. 55), 

(3) Handling. Storability, and Destruction of Azides, B. D. Pollock, W. J. 
Fisco, H. Kramer and A. C. Forsyth (p. 73), 

(4) The Sensitivity to Impact and Friction, L. Avrami and R. Hutchinson 

(P-HI), 

(5) Electrostatic Sensitivity, M. S. Kirshenbaum (p. 163), 

(6) Sensitivity to Heat and Nuclear Radiation, L. Avrami and J. Ilaberman 
(P- 199), 

(7) The Role of Azides in Explosive Trains, M. Voreck, N. Slagg and L. 
Avrami (p. 249). 

The reader, interested in the manufacture and use of azides should consult 
both volumes. Many problems described in the volumes are outside the scope of 
the present book. 
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Optical Properties 

Jhe optical and electronic properties of azides have been reviewed [3, (Vo! 

alkali ^azidev an 'r T™ SUggeS,ed lhat " lerc ™ similarities between the 
alkali azides and halides but recently attention has been paid to the identifi- 

cation of defect centres formed by iriadiation of a/ides. Deb (106) cairied out 

' mm l s OI sin ^ of Ns. K. Rb and Cs azides be- 

twien 140 and 280 nm at low temperatures, such as 4 -77 K He noticed ar in- 
due d luminescence in all alkali a/ides. Earlier work by Audubert |107] sliowed 
a fa n emission ol ultraviolet light from various azides during thermal decom- 
position. Singer and Mueller [108| observed chemiluminescence and electron 
emission from thermally decomposing alkali azides 

° f int “‘ Pb(N -»> ™ » ■ — « 


Slow Decomposition of Azides 

Slow thermal decomposition was examined by Garner (Vol, III. p | 7 M |, 

z s 21 "r : ,,cn su - a * dc «* <. is L, d in an 

> trough the a/idc lattice. Pic rapid growth of nuclei by the surface miera- 

11141 shu! a ‘ iZ ‘ dC SCC,m '° bC demons " a " :d H'31- Choi and Boutin 
So'mtr, 6 eX f'T C ' of “ idc ,adicals in course of the decomposition. 
Th. Z,, , u U ' " K ,mp,lr,liCS - cnha " cc «■* decomposition of a/ides 

dmina the! n T ^ P .T’‘ ' hC COUrSe ° f pre » a ' a '“>" '" i/.des or formed 

Produce a H *' “ ,hal ,he P rese "«* of carbon dioxide in ai, may 

pmduce a decomposition of lead azide. Also water vapour in a„ even a. room 

Sr U ni5T y fle C 7 a , ,e .k h0 d ' COmP ° Si,i0n - ™ s problc "- tackled by 
action r 5 ' ° Und thal fhe ,nduciion P™od was the result of the re- 
action of water vapour with lead. 

la, him Z b 'T 11,6 aC,i °" ° f radia,ion "" “ id “- Particularly lead and 
■oshZ oh rr reYieWC<1 ,II6 I- 'Nation P ,io, .o thcmal decent- 
•rcasc in art" * redUCI,on or '“dninatiem of the induction period, a de- 

larov and r T 0ncr * y an ' 1 an '"“ease Hie rale of decomposition. Zak- 

•ric field can af^Vh r 7 f °“ m ' ^ ' hC applica,ion ofa moderate elec 
. an affect the rate of thermal decomposition of azides 

1,81 °an g H r ia, r::l' C 1 OP,iCa ' densi,y ° f leases as shown bv Rolh 

if IZtJ'Tj [ " 9| ; n,e CXpenmcmal fac,s -P p °«' d *= hypothesis 
BLoidal disol "t P C by ir,adia,i0n oflcad azide and ‘Allium a/idc. 

|?Uon i s reaSveZn d 7 ^ by P'-^ecom- 

S‘d carbon UP f , n /° rm SOme Pr ° dUClS 0n CXpoSure ,0 air - Thus basic 

ide expands Jnn ^ ^ .f' ' de ,rradia,cd with X ra XS [120, 121]. Lead 
22] an -i •, 0g 01,0 cr ystalIograph.c direction under the action of X-rays 

1 ■ nd n,,r ° gen ln ,he fo ™ of N 2 can be trapped by the irradiated lattice 
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[123]. The visual colouration of lead azide was strongly suppressed by hydro- 
static pressure of the order of 1 0 kbar [124]. 

Among different regularities a remarkable relationship exists between the 
heat of formation (A//f) of a number of azides and infra-red frequency v 2 rang- 
ing between 620 and 650 cm' 1 . This is shown in Fig. 78 (Explosive azides) form 
a group separated from non-explosive ones. N 3 ion becomes more asymmetric 
in the more covalent salts making those lattices thermodynamically less stable 
[102]. 



AH, 

FIG. 78 Enthalpy of formation of azides A//? against infra-ied frequency 

580 600 enr 1 , according to (1021. 

Gray and Waddington [103. 104 1 determined experiment ally and calculated 
enthalpies lor the formation of a/ides. A great difference exists between non- 
explosive and explosive azides, as can be seen in Table 73. 


TABLE 73. Azide enthalpies of formation (-A/ff) 


NjN'j 

kn 3 

Ca(N 3 ) 

Bj(N 3 ) 


5.1 keal/mo! 
-0.3 
2.4 
-5.3 


ttPb(N 3 ) 
A? Nj 
Cu(N 3 ). 


115.5 
74.2 

1 40.5 


The above figures and Fig. 78 throw some light on the problem (p. 475) of 
why lead and silver azides possess marked initiating properties when the others 
do not. 
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Fast Decomposition and Explosion 

nJ.n„°fr de ?, ble 0f WOrk h “ bee " carT ‘ ed out on the fas. decom- 

" 7J , S -. TlUS Was ini,ialed b >' heaI . Action, impact, shock, hght. elec- 
trie field and atomic particles. 

Thermal initiation is given in Table 74. 

TABLE 74. Thermal initiation of azide» 


Azides 


Potassium azide 
Silver azide 
Tallous azide 
Cuprous azide 

Mercurous azide 

Mercuric azide 

Cadmium azide 
Ixad azide 


AgNj 
Tl N 3 
Cu Nj 

H g N, ,(N3>J 

Hk(N 3 ) 2 

CdtNjij 

Pb(N 3 ) 2 


Temperature of initiation, 
and melting, °C 

350 

251. explodes above the m n, 
334 

melts at ca. 205 

melu jt ca. 2 10 and then 
explodes 

melts at rtf. 195 and explodes 
at ca. 460 
explodes 
explodes 


JTS . r a7ides <lepe " U5 0n " ,e size ofc.ys.als or 

,nH m v 7 n, i? lhC i,,itia,i ° n of primar >- cx P b5iv “ a " discussed by 
(Vol. Kp 183)] 6 a " d eX ‘ CnSiVcl> ' rtViewed b > ( ' ha ‘ ld »»i »nd f ield |3 


LEAD AZIDE (Vol. Ill, p. 169 ) 

itrst^pa^nt* bv^lvr"' ° f “ 3 primary cx P lasive is connected with the 

[ 84 ] t r , llyr0mmus ( 83 1 ' 907 . However, acceding to the literature 

many) as e dy a T^T The"' !*? T ^ ° U ' " Sp ^ U (Ge " 
with ead avWe They ended with a tragic accident and all experiments 

p,» t , ? u ; , We ' e SU3pCnded A of doubts were expressed on the 

Ll 0 o, : ' e : , a?ldC ;, S a " i " itia,or I 85 ’ 8b l Kas, | 87 ] in his weli 

metals could ! . P • ' ° Whelher lead aZide and azidcs of °"ie. h«vy 

S could be used as primary explosives. 

dustlTm , FreVaUCd in many COUn,nCS - ln Ihe U S S -R ‘cad azide entered 

able amoun of l" “ ™ (BaEaI |IJ) - Between 1920 *» d ‘930 a consider- 
bc fe™ h " i W ° rk W3S ded,Cated ‘° the P ro( i u ction of lead azide which would 

"actured ‘° manufactu,e and dex.rinated product was manu- 
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Properries of Lead Azide 

It was originally thought that lead azide existed in two allotropic forms: a 
and 0 (Vol. Ill, p. 169). Now it is accepted that the substance is polymorphic 
and exists in four forms: a, 0. y and 6. The a-orthorhombic is the only one 
acceptable for technical application. It is the main product of precipitation with 
traces of the other forms present [89]. The monoclinic 0-form is stable when 
dry. but recrystallizes as the a-form. The presence of some organic dyes (e.g. 
eosin) enhances the formation of 0-fonn and hydrophile colloids inhibit its form- 
ation. Breaking a needle of 0-form may produce an explosion (contrary to the 
views of some authors; Vol. Ill, p. 173). The monoclinic y-form is less stable 
than a and 0 [90]. It can be obtained from pure reagents at pH 3.5 7.0 or in 
the presence of vinyl alcohol. The triclinic 6-form precipitates from pure re- 
agents at pH values of between 3.5 and 5.5 [90] . Both forms y and 6 arc usually 
precipitated simultaneously and can he separated (with care!) by hand. 

Apin (according to [ 1 ] ) described a method of preparing needle like 0-modifi- 
cation through a slow diffusion of aqueous solutions of sodium azide and lead 
nitrate. 

Among different modifications of load azide, basic salt NjPb(OH) was pre- 
pared by Wohler and Krupko [9 1 ) and showed less pronounced explosive 
properties: it deflagrated without detonating. Several basic lead azides have been 
prepared by Fcitknccht and Sahli (Vol. Ill, p. 178). 

An attempt was made to obtain Pb(N 3 ) 4 [92] from Pb() 2 and hydrazoic 
acid. The product PbfNj)* was unstable and rcadilv lost nitrogen to form 
Pb(N 3 ) 2 . 


Crystal Structure of o-/VyV 3 ; 2 

The crystal structure of a-Pb(N 3 ) 2 was examined with the help of three 
dimensional neutron-diffraction by Choi and Boutin [93]. These authors found 
four crystallographically distinct azide groups in a unit cell: azide (I), (II), (III) 
and (IV) - Fig. 79. Azide (I) is coordinated to four Pb atoms, two at each end. 
It is symmetric in both coordination and in N-N distances. Azide (II) is also sur- 
rounded by four Pb atoms but the coordination is asymmetric. The structure 
of azide (III) is very' similar to azide (II) but the structure (III) is more sym- 
metrical than (II). Azide (IV) is strongly asymmetric in both coordination and 
N-N distances. 

Each Pb atom is surrounded by eight azide groups with bond lengths between 
2.57 and 2.90 A. It is further surrounded by four Pb atoms at distances 4.2- 
4.5 A. 


Spontaneous Explosions of Azides (Vol. Ill, p. 173) 

Spontaneous explosions of saturated solutions of azides during crystallization 
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A«de (I) 
179.5 ( 6 ) 


A/k3e (III) 
179 . 7 ( 5 ) 




FIG. 79. Four crystalline form* of tt-lead azide, according to Choi and Boutin 

1114]. 


have been described Spontaneous explosions were described for cadmium |45) , 
cupric and mercuric [96), lead |91, 96, 97, 98| azides. Rogers [99) gave a 
description of his experiments with lead azides and Taylor and Thomas [100) 
thoroughly examined the conditions of the experiments. They prepared a 0.7% 
lead azide solution in 50 cm 3 of hot 5% aqueous ammonium acetate and allowed 
it to cool to room temperature. After 1 1,400 sec (i.c. 1800 sec before the ex- 
pected time of explosion) the crystallized out large crystals were filtered out and 
the liquid was left to stand. At the expected time a major explosion of the 
liquid occurred, but the filtered crystals remained intact. The authors tried to 
rationalize the phenomenon in terms of formation of nuclei and electric dis- 
charge of different layers of nuclei. 

box, Jenkins and Taylor [101) discussed the three hypotheses which material- 
ized to explain the phenomenon of spontaneous explosions, these are: 

(1) the release of stored energy which is high enough to cause an explosion 


(2) reactive intermediates were formed in the solution [98) , 

(3) discharge of sparks between growing crystals [ 1 00) . 

The third hypothesis seems at present to be the most probable. To verify it, 
* et al. [101) placed a metal electrode near the surface of the solution and 


* 

- 
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measured the accumulation of electric charge. Indeed, in the solution in which 
explosions took place very strong charge fluctuations preceded explosions. Small 
lead detonators fired by Taylor and Thomas did not induce the explosion of the 
liquid which emanated from the crystals of lead azide. This indicated that the 
product - crystals of lead azide - have not yet existed in the solution. Stirring 
and introducing additives suppressed spontaneous explosions. Stirring dispersed 
the charges and did not allow their localized accumulation. 'I he additives were 
absorbed by crystals at an early stage and created a lower spark sensitivity. 

Sensitivity r of Lead Azide 

Sensitivity to high temperature was extensively studied [124). Chaudhri and 
Field [127) recently desenbed a dependence on temperature o: initiation of 
a-lcad azide on crystal thickness, while studying individual single crystals of 
known size. There was a drop in the explosion temperature from 415 to 385 C 
for an increase in crystal thickness from 4 to 30 pm. Crystals ol less than 3 pm 
thickness did not explode even up to 450° C. They did not melt at this tcmpeia- 
tuic. 


8 ?b , 1 



0 4 8 12 16 20 24 28 32 36 

Thickness (»-m) 


FIG. 80. Critical explosion temperature against crystal thickness, according to 

Chaudhri and Field in 13. Vol. I. p. 3831 . 

In vacuo no critical size of crystals was observed 1 1 28) . The previously men- 
tioned behaviour of primary explosives at high vacuo [39-45) may explain the 
failure to find the critical size of lead azide under very low pressure. 

As has been mentioned large crystals of lead azide are more sensitive to im- 
pact than the small ones [1241. This was noticed by Solonina as early as 1910 

1 Direct flame (e.g. from black powder), sparks of electric discharge and glow- 
ing electric wires do not readily ignite lead azide and Claessen [129] suggested 
adding lead styphnate to increase its ease of ignition. 

Lead azide is less sensitive to impact than mercury fulminate, as reported 

by Kozlov (according to [1 ] ). 


482 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


To increase the sensitivity of lead azide to impact, tetrazene was added in 
German detonators ‘Duplex', according to Bagal [I], Mixtures of 90-93% lead 
azide and 10-7% tetrazene were used. 

Chaudhri and co-workers [190] determined the rate of detonation of single 
crystals of a-lead azide. Crystals of cross section 2 mm X 2 mm and above de- 
tonated at 8000 m/s, and smaller size ( ca . 1 mm) exploded at 3000 m/s. 

Stability and Reactivity of Lead Azide 

Roux [130) kept lead azide at 50°C for 25 months, and at 80°C for 15 
months arid has not noticed any change of properties. Extensive experiments on 
the stability of lead azide were carried out by Solonina (in 1910) and Bubnov (in 
1940) - according to [ 1 ] . The following are conclusions based on their work: 

(1) Dry lead azide does not react with metal casing made of aluminium and 
copper or their alloys (brass, duraluminium). 

(2) In the presence of carbon dioxide, moist lead azide did not react with 
aluminium. 

(3) In the presence of carbon dioxide or other acidic compounds, moist lead 
azide can react with copper casing. Hydrazoic acid was evolved which re- 
acted with copper or copper oxides to yield copper azides. 

As recently discovered moisture without carbon dioxide can also promote 
reactions of lead azide. 

As known copper azides arc sensitive IE and considerable work has been done 
to protect metals from reaction with lead azide. 

The Manufacture of Lead Azide (Vol. Ill, p. 178) 

The description below is based on information from [ 1 ) and [3 (Vol. 2)] . 

' Colloidal ’ lead azide. This is a pure form of lead azide (over 99% purity ) in 
fine particles of 3-4 pm. It is n on-hygroscopic but not readily pourable and 
hence less adaptable for mass production. It is particularly sensitive to electric 
discharge and hence used for electric detonators. For this purpose ‘colloidal' lead 
azide is often mixed with a concentrated nitrocellulose solution in ethyl ether- 
ethanol or other solvents. 

Colloidal lead azide is obtained by adding at 25 3 C 4% aqueous solution of 
sodium azide to a small excess of lead nitrate solution. The precipitate is fib 
trated and washed with water and dried. Its density under 3000 kg/cm 2 pressure 
is 2.77 g/cm 3 (as compared with 2.93 g/cm 3 of crystalline lead azide). 

British ‘ Service * lead azide. This is a crystalline lead azide containing a small 
proportion of lead carbonate on the surface of cry stals. It is obtained by adding 
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1 M lead acetate and 2 M sodium azide solutions to the reactor which contains 
a quantity of sodium carbonate solution. The lead acetate is started a little ahead 
of the sodium azide so that some lead carbonate is formed which serves as a 
seeding agent for lead azide crystals. It contains 98.1% Pb(N 3 ) 2 , crystals arc 
large (ca. 55 pm), density under 15.000 kg/cm 2 is 3.31. Its temperature o! ex- 
plosion is 350°C with an induction period of 5 sec. It is non-hydroscopic, con- 
trary to the dextrinated lead azide which is slightly hygroscopic due to the pre- 
sence of dextrin. 

Dextrinated lead azide. Dextrinated lead azide is made by adding, over a 
period of 30 min at 60°C, a dilute (3%) sodium azide to an equal volume of a 
lead acetate solution (7%) which contains dextrin from potato starch in a quan- 
tity of 6% to the expected yield of 6% of lead azide. The dextrin solution is 
made slightly alkaline with sodium hydroxide. The product contains ca. 92% of 

According to |3 (Vol. 2)] in Sweden a temperature of 75°( is maintained 
during the reaction, and du Pont Co. introduced 0.25% calcium stearate as an 
agent for coating the dextrinated particles. According to ( 1 ) the hygroscopieity 
of dextrinated lead azide can be higher than 0.5%. 

British RD 1333 lead azide. The significant feature of this type of lead azide 
is the presence of sodium carboxymethylcellulose (CMC) without using sodium 

carbonate. « 

Here are the salient features of the process: 1.21 sodium CMC solution (1 g 
NaCMC/litrc) were mixed with 0.145 litre of Fmpilan AQ 100 solution (100 g 
contains 100%. ethylene derivative of lauric acid/litrc) made up to volume ol 
15 litres with water are kept at 25°C. During a period of 60-70 min, introduced 
simultaneously, the solutions of sodium azide (108 g NaN, /litre) and leac 
acetate (315 g (ClljCOOF.Pb-SHjO/litrc) - 14 litres of each while stirring. The 
product precipitated and is washed by decantation, filtered and dried. The yic d 

was 3.3— 3.3 kg lead azide. The content of PMNj), 96 3%. 

According to the U.S. experiments the temperature of the reaction 30-3: 
should be mamtained. The quantity of CMC is a critical parameter. The product 
should have a right viscosity and the degree of etherification. The rate of stirring 
should not be below a certain norm (e.g. 200 rpm). 

British RD 1343 lead azide. This is abnost identical with RD 1333 except 
that the wetting agent is omitted and the sodium azide is made more alkaline. It 
did not cause a deposit to build up a water line in the reaction kettle, leading to 

reduced cleaning operation. 

Special Purpose Lead Azide (SPLAl [(3 (Vol. 2, p. 44)] . The Special Purpose 
lead azide was introduced in the U.S. A. It is of a greater sensitivity and lower 


484 


CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


hygroscopicity than dextrinated lead azide. It does not differ much from RD 

1333 preparation. The difference is in temperature 37 ± 2°C and f « ter int a 
tion of reagents (30 min). - C and raster mtroduc- 

2d2toS7: higher densi,y and an% 

Animal gela,ine was used f <” ‘rvs.a! modifi- 
aen 3 2 i?if,M^ \ a f ,i0n ° faSn,aU amounl °f molybdenum sulph- 
Zl 1 * * * ‘ med Iha ' ' he Pr ° duct is “ fer «" handling than usual lead 

Spheroidal dextrinated lead azide. In the 1950s a spheroidal form of dextrin 

RD i35 2 a Se e *e,hod Ve ' OPe ^ ^ an<l C< " wo ' kc “ ' ,85 l a "< — anted 

p 32 ), me,h ° d Wa$ ,ned ,n ,he U S A a "d Ascribed in [3. (Vol. 2. 

a^dl inThTLeTe miall f '1 ,CaCli " g aquecu,s solu,ions of sodium a/tdeand lead 
60 Y wi h a„ aZ WlU, 'r ° f ' iex,rin a " d Ta ™> SN (surface active agent, 
was de an d he *' ™ ’ P "’ Af,cr coul >"*- *» mother ifquor 

The nier.f ’ r P '* C,pita " WaS ' lcd with wa,cr - «lcohol and dried. 

The Picture of the product by this interesting method is given in Fig 81 ( b 

c). For compartson British Service lead azide (a) is also given. 

SILVER AZIDE (Vol. Ill, p. | 8 2) 

of " ,adC ,0 ' hC dCSC,iP ' i0n “ Vo1 1,1 properties 

' f • 33] and cL m 13 Srr° o;, a ^' d ^ 8 C A ' Tayl °' and ^^nbach 
\ ^ Probably due Jimmies'. ' hyg,0 “° Pici, >- d «‘ rib ' d Piously 
. The photosensitivity was discussed in Volume III. 

I amr^S “ "T"* *° f ° rm 3 complex - U P°" evaporation of 

; compe l 'n ,nd ,t 15 T Vered “ nChan8Cd - ln ni,ric acid » dissolves with de- 

T rus7vS and fi, I'm r" ° f T’' °" eXP ° SUr * “*"« ** turns 

|t3 (Vol i! p 58 )J y ■ as CO,l °' daI sUver is fonned and oitrogen evolved 

I 5 '':; T d ° in bOI ' mg Wa,e ' deC ° m P°“ s « lh colouration 

* violet a. 5r photodecomposition [911 When heat-dried the az.de turns 

fib4n : li: d me ,S a, J 5, C ,0 3 da,k "<T uid A ' 253'C it starts evolving 

I ligh, [91,3 (VofT^sTl hea ‘ ed raPid ‘ y " eXP '° deS 31 3 °°’ C emi " inB 
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FIG. 81. Bnti<h Service I 70x (a)* and Spheroidal Dextrinated Lead Azide 
(Pieatinny Arsenal) x 50: (b) 20 min and (c) 30 min respectively after start 

[3. Vol II). 

• British Crown copyright reserved. 

Silver azide crystallizes in an orthorhombic form with four molecules per unit 
cell. This was established by a number of authors [134-137] . The unit cell has 
dimensions of a = 5.6170,6 = 5.9 146 , c = 6.0057. 

It has better initiating property than lead azide (Vol. Ill, p. 1 77). 

Silver azide is now in use in small and strong detonators in the U.K., U.S.A., 
Holland, Sweden and Germany. The main obstacle against the use was originally 
the fact that silver azide was not in a suitable form for pouring and pressing into 
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detonators. During the early 1950s G. W. C. Taylor [138], Williams and Peyton 
[139] developed processes for making granular AgN 3 . 

The method used in Picatinny .Arsenal [2] is as follows. The reaction was 
carried out in a 10-litre stainless steel kettle with a stirrer. The reagents were: 
2.0 1 of filtered 2N silver nitrate solution, 2.0 1 of filtered 2N sodium azide solu- 
tion, 1.07 1 of filtered pure ammonia (28%) solution. Silver nitrate followed by 
ammonia was introduced into the reaction kettle. Under vigorous mixing sodium 
azide solution was introduced and the content was warmed to 75°C within 5 
min. Silver azide started to precipitate ca. 5 min later. 

At this point 50 ml of acetic acid 3N solution was added over 5 min to induce 
seed-crystal formation. Distilled water was added at a rate of 40-60 ml/min to 
maintain the original level and avoid evaporation losses. 

When the total time at 75°C was 30 min, heating was increased to reach 97°C 
within 10 min and over the next 60 min the temperature was raised to boiling 
point which indicated that all the ammonia had boiled off. Cold water (3.5 I) 
was added and brought into the jacket to cool the content of the vessel. During 
the cooling, 50 ml of 3N acetic acid was introduced into the kettle. After 1 0 min 
the temperature reached 30°C, the stirring was stopped, silver azide was allowed 
to settle and the solution was decanted. The product was decanted with two 
portions ot 3 1 distilled water. The product was collected on a cloth-filter, 
washed with ethanol (95%) and dried for 40 hours at 50°C. The yield was 540 g 
(90%). 

Vigorous stirring during the evaporation of the content of the vessel is very' 
critical. Without stirring large flat crystals arc produced. The quantity of acetic 
acid added for seeding was important for achieving uniform bulk density. 


Cadmium Azide C<j( N 3 ) 3 

Cadmium azide was obtained by Curtius and Rissom [200] and Bassi&re 
195]. Some work has been dedicated to its properties (Vol. Ill, p. 186). 

According to Bowden and Singh [201] it is not decomposed by a- and 7- 
radiation. It shows the rate of detonation 4200 m/s. According to Wohler and 
Martin [202] it is less sensitive to impact than lead azide, but more sensitive 
than silver azide. 


Storage of Azides 

Experiments on the storage of lead azide have shown [3 (Vol. 2)] that differ- 

nl types 0: lead azide withstand long storage. Some samples taken after 25 

years of storage under standard storage conditions did not show any deterior- 
ation. 
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Toxicity 

All azides are toxic, but their toxicity is due to the evolution of hydrazoic 
acid. The solid, insoluble azides such as lead and silver azides are practically non- 
toxic. Considerable studies were dedicated to the toxicity of sodium azide. It 
was found that the minimum lethal dose of NaN 3 is 35-38 mg/kg body weight 
[140]. Chronic poisoning with NaN 3 was studied by Bassendowska and co- 
workers [141]. They showed that the maximum permitable concentration of 
NaNj in air is 2 mg/m 3 , provided the skin of the worker is well protected. 

Destruction of Lead Azide 

Lead azide can be destroyed by acting with sodium hydroxide 10%. solution 
at 20 3 C which gives Pb(OH) 2 and aqueous solution of NaN 3 : (method of 
Kramer) |3 (Vol. 2, pp. 85-86)] : 

Pfc(N,), 4 2 NaOH — ► Pb(OH), + 2NaN*. (11) 

Sodium azide can be recovered by evaporation and crystallization. 

Another method was suggested by Richter |3 (Vol. 2)]. It consists in using a 
more concentrated (20%) sodium hydroxide: 

Pb(Nj )j * 4 NaOH — - Na,PbO, + 2NaN,. (12) 

Here lead compound remains in solution in the form of sodium plumbate. Care- 
ful acidification of the solution with nitric acid leads to the formation of lead 
azide. 

Data for lead azide [142] (Vol. Ill, p. 172) 


Enthalpy of formation 

+391.3 keal/kg 

Volume of detonation gases 

231 i/kg 

Density 

4.8 g/cm 3 

Deflagration point 

320-360°C 

Lead block test 

110 cm 3 

Impact sensitivity: 

pure product 

0.25-0.40 kpm 

dextrinated 

0.3-0.65 kpm 

Specification (U.S.A.). 

Net content (by determination as PbCr0 4 ) 

min. 91.5% 

Moisture 

max 0.3% 

Mechanical impurities 

nil 

Water solubles 

max 1% 

Lead content 

min. 68% 

Copper content 

nil 

Reaction 

neutral 
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Bulk density min. 1.1 

Deflagration point not below 300°C 

Lead azide detonators for coal mining have copper tubes. For all other blast- 
ing aluminium caps are used. 

MANUFACTURE OF SODIUM AZIDE 

It is appropriate to give a description of the basic compound used for pro- 
ducing azides. Below is a short description based on that of Bagal 1 1 ) . 

As known this is a two-step reaction (13) 

Na + NH, — - NaNII] + H H, - 21 Leal <|3a) 

NaMlj + NjO — NjN, + 11,0. (13b) 
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NaOH and KOH in (2) before entering the 200 1 reactor (3) made of stainless 
steel with an air-tight cover and a stirrer with 100 revolutions/min. It should be 
warmed to 150-200°C, washed inside for 5-10 min with gaseous ammonia and 
loaded with 28 kg of sodium. The reactor is heated to 360°C and ammonia 
introduced (4). At the beginning a temperature of 380°C is maintained. When 
the gases leaving the reactor contain 80% hydrogen, the temperature should be 
lowered to 340-350°C, as a higher temperature may produce a distillation of 
sodamide which would cause deposits to form in the gas conduction pipes. The 
end of the reaction is manifested by the fall of hydrogen content to 2-8%. One 
batch of sodamide consumes 35-40 kg of ammonia. The yield of sodamide was 
not given. 

Tire gases from the reactor are passed through the dephlegmator (5) and 
safety column (6) which prevents a return of gases to the reactor. Finally the 
gases enter water container (7) and retain out flowing ammonia. 

It is important not to introduce ammonia after the process has ended, as it 
can form undesirable impurities (an ‘over amidation'). 


(a) Sodamide ( Fig. 82) 

Sodium should be of 99.5% purity. Gaseous ammonia in a steel bottle (1) 
wanned to 30°C- should not contain more than 1% water. It is dried over 



MG. 82. Amidation of Sodium, according to Bagal [1] I - ammonia steel 
bottle, 2 - drying column, 3 - reactor. 4 - perforated ring, 5 - dcphleg- 
mator, 6 - safety column, 7 — water container, 8 - flowmeter, 9 - sodium 

azide reactor, 10 - controls. 


fbj Sodium Azide (Fig 83) 

Die reaction is carried out in a horizontal heated electrical apparatus made of 
steel. Before starting the reaction it should be thoroughly dried by warming to 
170- 200° C. To check the tightness of the apparatus ammonia is blown through 
for 5-10 min. Hot melted sodamide (350°C) is poured from the amide appar- 
atus. The reaction of sodamide with nitrous oxide is exothermic and there is 
little need of heating the reactor. The best temperature of the reaction is 200- 
220° C. At 250°C the reaction is too fast and may lead to an explosion. lo 
achieve the uniformity of the reaction nitrous oxide is introduced into both ends 
of the reactor. 



FIG. 83. Reactor for production of sodium azide, according to Bagal 111. 


CTX Vol.4 - 0 
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An analysis of out going gases should be carried out. They should contain 
35-40% NjO and 25-30% NH 3 . The end of the reaction is manifested by the 
fall in the ammonia content to 3—5% NH 3 and the fall of temperature. The time 
to carry out the reaction of one batch is ca. 30 hours and the yield is 28-30 kg. 

The content of the reactor is cooled to 100°C and washed with water. Care 
should be taken with this process, as water reacts vigorously (exothermic re- 
action) with unreacted sodamide. Sodium azide with sodium hydroxide is taken 
by water (200 1), filtered and evaporated to a density of 1.55-1.57 at 20°C. 
Sodium azide is collected, washed with a small quantity of water and finally 
with ethanol. 

Sodium Azide Formation ir. Liquid Ammonia 

This method was worked out in the U.S.S.R. [1] and based on a reaction at 
relatively low temperature in liquid ammonia. Both reactions: amidation and 
azidation can be carried out in the same reactor - autoclave of 200 1 capacity 
and pressure up to 100 kg/cm 2 . 

liquid ammonia dissolved sodium and the solution (under the action of cata- 
lysts) reacted to form sodamide. .Sodamide is practically insoluble (or. 0.1%) 
in liquid ammonia and precipitated as a fine powder. The catalyst is ferric oxide 
in quantity 3-5% (relative to sodium). The reaction takes 30 min to 1 hour at 
ca. 50°C. Hydrogen escapes from the autoclave at 40-60 kg/cm 2 through a 
safety valve working at this pressure. 

The suspension of sodamide in liquid ammonia can readily react 'with nitrous 
oxide. Nitrous oxide kept in steel bottles under pressure is introduced into the 
autoclave under 25 kg/cm 2 maintaining the reaction temperature of 50°C. 

The reaction of N 2 0 with NaNH 2 in liquid ammonia is a somewhat compli- 
cated reaction. At first the reaction forms a complex 2 NaNHj, N 2 0. In the pre- 
sence of an excess of ammonia over 0°C sodium azide is formed. However 
in the presence of sodium hydroxide the basic sodium azide (NaN 3 .2NaOH) 
results. A higher temperature (e.g. 30-50°C) favours the formation of the basic 
compound, while a temperature of ca. 0°C prevents the formation of this 
substance. 

Finally, a good solubility of sodium azide and practically no solubility of 
sodium hydroxide in liquid ammonia makes the separation of sodium azide from 
sodium hydroxide possible. Sodium azide retained on a filter should be washed 
with liquid ammonia. After ammonia has been evaporated, pure sodium azide 
remains with a yield of 99%. 


TETRAZENE (TETRACENE) (Vol. Ill, p. 206) 

Relatively recent X-ray analysis by Duke [147] confirmed the structure given 
by Patinkin, Horowitz and Ueber (formula 1, Vol. Ill, p. 207). This is depicted 
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by formula (XII) where the substance is presented as a awit.erion of 1-ammo-i- 

(lH-tetrazol-5-yl)azo guanidine hydrate. 


NH, 

I 


yX ^ Jl 


Ni 


XII 

Tire heal of explosion is 558 keal/kg and heat of formation - H , = -70 kcal / 

"^e foliowing properties are according to the U S. Military Specification 
1148] 

— — — "“S" 

sieve 

Specific gravity 1.65 ±0.05 

mpr al« absent 


Specific gravity 
Heavy metals 


Meyer [ 142] gives some additional requirements: 

max. 0.3% 

aqueous extract no acid present (on universal 

paper) 

pouring density 0 3 0p 

deflagration point min * j 

lead block test 155 cm 

kssksw - - 

200 » « - - - x 

density 1.052 1-179 1.289 1-304 1.377 1.401 

Pouring density was given as 0.45. Q0 % it absorbed 0.77% 

It is non-hygioscopic: at 30 C and relative hum > ^ does no , react 

water. It does not attack metals at room temperature l 1 • potas sium hy- 

with concentrated ammonia at room temperature, sodrum 

dioxides decompose the substance and ammonia is e 
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nitme th Th!v C r U n ,ed “ f0rmS SaJtt: hydroxide - P«chlorate, sulphate 
U *} e ' They are all explosive and their initiation temperature is ca. 140°C. 

The practical use is limited to detonators which are initiated by another 

primary explosive and tetrazene is used as an intermediate booster or when 

mixed with another primary explosive to increase its sensitivity to fame or 

nT ' , , , mlX ' Ure Ie,razene was used ■" explosive rivets (Vol. Ill, p. 240) 
J^rpoM A G Pa,en,ed [150) mixtures of fetrazene with lead azide for this 

A few initiating compositions with tetrazene have been described in the En- 
cyclopedia [148J. The most important seems to be ‘Sinonydsatz' developed in 
Germany as a replacement for mercury fulminate mixtures. It proved to be non- 

stvchnl « « n °' er ° dC baaelS ° f fiream,S - Thcir ^'"position was: lead 
styphnate 25-55, tetrazene 1. 2-5.0, barium nitrate 25-45, lead dioxide 5- 10 

anthymony sulplude 0-10, calcium silicide 3-15, powdered glass 0-5% 

Duplex-Cap (detonators) contained 0.3 g of a mixture of lead azide (92 5 %) 

lt 300klS % PrCSSed 31 100 kg '' C "‘ ! ° Ve ' 0 05 8 ° f Unwaxed PE TN Pressed 

Tetrazoie Derivatives and their Salts (Vol. Ill, p. 210) 

.f‘ nCe !l ’ e . advem of Tetrazene attention has been paid to other compounds 
wh h contain tet, azole ring. An excellent review on Tetrazo.es was giver, by 

were sl‘" P , En< * clopedia [l901 ' S,lver and me ' cury salls ° f S-ni.-otetrazol 
were suggested in Germany during World War II to replace the fulminates 

According to the same source [190] mercuric salt of 5-nitrotetrazol proved to 

be a p o , rtu ,3 Ijn g exp|osjvc „ js 5ens|tive (o ff . cljon has an P xpU d '° 

temperature of 210 C. It seems that it is too sensitive for practical use. 

simple- a ° f ' C,raZo1 derivativcs was reviewed by Bensen [192] The 
plest and most versatile derivative is 5-aminotetrazol (Vol. Ill, p. 210) It is 

d ne n d ° s b, r Cd V me ' h ° d ° f S '° ,le a " d 1*511 from'eyanoguani 
d,ne and sodium azide in an acid medium: 


nhcn 


♦ I IN, 


2 H,N — C 


* Nit ram in o derivative of 5-aminotetrazol (XIV) 


XIII 

m.p. 203°C 


(14) 


NHNOj 


N — NH' 


XIV 
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\ was claimed [152] to yield a lead salt with initiating properties. The A'-nitro 
compound (XIV) was described by Ueber et al. [ 1 53] . 


Azote trazol 

According to Thiele [154] oxidation of 5-aminotetrazol with potassium 
permanganate in the presence of an excess of sodium hydroxide yielded sodium 
salt of azotctrazol: 



k Mn o 4 
NaOH 



XV Sodiuir sail 


Basic lead salt of azotctrazol (bulk formula C a H| 0 Pb*5H 2 O) was used in 
Germany during World War II. A description of the method of manufacture 
according to Bagal [1] is given here. Tire starting substance was sodium salt of 
5-aminotetrazol (XIII). The sodium salt dissolved in a solution of sodium hy- 
droxide at 70-80° C was charged with a 25% excess of potassium perman- 
ganate at the rate which would maintain the temperature 95-100°C. The solu- 
tion should be brown. The filtered solution was cooled, the precipitated sodium 
salt was collected and dried at a temperature below 30°C. 

To obtain the basic lead salt a solution of 3% sodium salt of XV containing 
0.775% NaOH was prepared. The solution was poured into 7.5% solution of 
lead nitrate in a tilted reactor at 43 44°C. The precipitated basic lead salt was 
collected, washed with water of 30-30°C, ethanol and kept as ethanol 
moistened product. The yield was a 78% based sodium salt of XV. 

The salt was used for electric igniters. The substance was mixed with nitro- 
cellulose varnish and fixed on the resistance bridge. 

Another important derivative of tetrazol is 1 ,3-ditetrazyltriazinc (XVI) 



XVI 


This was obtained by K. A. Hofmann and Hock [155] as described in Vol. 
Ill, p. 210. The compound forms colourless thin plates, crystallizing with 1 mole 
of water. It has masked acidic properties and can readily form salts with metals. 
On boiling with dilute hydrochloric acid it yielded 5-aminotetrazol (XIII) and 
nitrogen. The compound was described in review [156]. Sinha, K. R. K. Rao 
and Sankaran [157] made an extensive study of the properties of the substance 
and its salts. Lead salt has an explosion temperature of 185°C. Bahadur [158] 
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described lead double salt of XVI and styphnic acid as an initiator. Practical 
experiments have shown that the salt is too dangerous to handle. 


FUROXANE DERIVATIVES 

Attention was recently drawn to the initiating properties of some salts of 
mtro derivatives of benzofuroxane. Potassium and barium salts of 4,6-dinit ro- 
benzoturoxane as primary explosives were suggested by Piechowicz (193) : 

N— 0 



No infomiation is available as to the practical application of this salt. 

K po ! ass,um was described as early as in 1899 by Drost [194), and a 

ZSXnSSj!”' 1961 m ' n,i0ncd « Of (he ^aiif d of 

Benzofuroxane can be obtained according to Green and Rowe 1 1 9S I by 

l?s n 7 °n»r n!, M a !J i ^ e r ,,h S ° diUm hyp0chk)rit ' of benzofurox- 

aneat 5 20 ( yielded 4,6-dmitrofuroxane [ 194-196). 

An excellent review on furoxancs was given by Kaufman and Picard 11971 

Apl " a " d l . CO ' WOrke,s I 203 l determined the energy of dissociation of 
the bond N — 0 in benzofuroxane. They found a value of 59.5 kcal'tnol 


NITRO DERIVATIVES OF PHENOLS (Vol. Ill, p. 212) 

An experimental work on thermal decomposition of the salts of picric and 
styphnic acids has been carried out by Andreev and Lu-Bao-Fen (159). Am- 

^ 0 Table'75 0,aSSiUm a " d k>d eXam ‘ nCd ' and !he ,esul,s s«nimarized 

Tlie curve: rate of decomposition/temperature shows an autocatalvtic trend 
reactions. 

pic'^te S deC0mPOS * liOn ° f Styphnales occurs at a ,ower temperature than that of 
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TABLE 75. Thermal decomposition of picrates and styphnates 


Sail 

Interval of 
temperature 
res °C 

F. 

keal/mol 

Half-life time 
at 230°C, minutes 

Potassium picralc 
Lead picralc 

250 300 
230-260 

41.2 

60.2 

8600 
920 o 

explosion at 260 C 

Hydrogen 

Potassium Styphnatc 

1 70- 200 

47.6 

262 o 

explosion at 200 C 

Di- potassium Styphnatc 

200-240 

51.7 

210 o 

explosion at 250 C 

Lead Styphnatc 

200-230 

36.4 

143 o 

explosion at 240 C 



XVII 

which should be obtained by very careful nitration of resorcinol. Resorcinol is 
heated with fuming sulphuric acid at 100°C for 30 min. The solution is cooled 
to 25°C. After adding mixed acids it is allowed to stand for 30 min. The addi- 
tion of water follows and distillation of the product with steam. It forms orange 
coloured prisms, m.p. 84-88°C, boiling p. 232—234 C [161, 162a) . 

Lead 2,4-Dinitroresorcinate (Vol. Ill, p. 220) 

The Encyclopedia of Fedoroff and Sheffield [162b] gives some figures on the 
properties of lead dinitroresorcinate. It explodes at 265 C (induction 5 see), 
heat of explosion is 270 keal/kg. It is slightly hygroscopic: at 30°C, 90% relative 
hygroscopicity is 0.73%. It has low initiating property: 0.4 g did not initiate 
tetryl pressed at 70 kg/cm 2 . 


Lcad Mono mtro resorcinol (LMNR) 

The lead salt of mononitroresorcinol was in use in electric detonators for 

, * ’ ng ,useheads - Some of the ™ may be composed of this salt and dextrinated 
lead azide [159, 160). 

The main problem in making LMNR is the use of 2-mononitroresorcinol 


Basic Lead 4 ,6-Dimtroresorcinol 

The salt was developed in Great Britain during World War II [162c]. Finely 
ground (40 g) resorcinol was gradually introduced to 98% nitric acid (400 g) 
at -15° to — 20°C. The low temperature was kept by adding solid carbon di- 
oxide to the nitration vessel. After all the resorcinol was introduced, the nitra- 
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PbOH 


XVIII 

water with ice. WaS C °° ,Cd l ° ~ 5 ° C and thcn drawn inI ° 5 its volume 01 

s Sr, ln 5% n,oh - p»- 

rr - — - —■ - ttxsszszz 

mpJdS mw*"*'™' 1 “ “““ ,: " Uy Precipi ' al£d '“J hydroxide 

i. ' Br d* xalt manufacture of ihe salt 

*- - H “" d 

lead Styphnate (Vol. HI. p. 213) 

arc d a n V r o n ‘ M ""■ r ^s' t e x b coL° [ ^ " P °' ' C ‘‘ Piously. The Mowing 
den sity 3 Q 

deflagration point 2 75 - „ 

heat of explosion ^ 7n . “ .. 

lead block test \ ltCa 3 l/ , kg 

0. is 40% of TNT o, 39% of picric acid, " (a£C ° rdin * '° ,l62d J > 

detonation velocity 4900-5200 m/s 


Specification 
net content 
moisture 
lead content 
(determined as PbCr0 4 ) 

Heavy metals other than lead 
Ca and Mg 
Na 
pH 

nitrogen content 
bulk density 
deflagration point 


min. 98% 
max. 0.15% 

43.2-44.3% 
max. 0.05% 
max. 0.5% 
max. 0.07% 
5-7 

min. 8.8% 
1.3— 1.5 
min. 270°C 
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Lead Salts of Nitroriaphthols 

Recently Japanese authors [163] suggested the use of lead salts of di- and tri- 
nitro-a-naphthol, for example XIX and XX: 



XIX XX 

According to the authors the salts arc less sensitive to heat, impact, friction 
and electric discharge than the corresponding salts of phenol and resorcinol. 


Complex Salts (Vol. Ill, p. 230) 

In addition to complex perchlorates (Vol. Ill) Ni, Co and Cd form the follow- 
ing complex salts with hydrazine nitrate: 

Ni (N 2 II 4 ) 3 (N0 3 ) 2 - deflagration at 215°C 

Co (N 2 H 4 )j (NO,), - deflagration at 2I0 3 C 

Cd (NjH 4 ) 3 (NO,), - deflagration at 245°C 

According to Mcdard and Harlot [164] they could be recommended as pri- 
mary compounds. They possess the advantage that they arc less sensitive to 
impact than mercury fulminate and lead azide. Their disadvantage is that they 
are difficult to ignite. 

Nickel sail was examined in detail. It expands in lead block of ca. 85% of 
picric acid. The velocity of detonation in an 8 mm diameter plastic tube was 
found lobe 2900-3100 m/s. 


/ ,3 £-Triazido-2.‘ 4 ,6 Trinitrobenzene (Vol. III. p. 193, formula IX) 

The substance is readily transformed into benzotrisfuroxane (Vol. I, pp. 
603-604, formula II and Vol. Ill, p, 193, formula X). Kinetics of the transform- 
ation was studied by Korsunskii and Apina [181 ] - see Chapter IV. 


Dinitrobenzenediazooxide ( Dinitrodiazophenol DDNP, DINOL) 

(Vol. Ill, p. 201) 

Little can be added to the information given in Vol. III. According to Ford- 
ham [183] it has a velocity of detonation of 6900 m/s at a density of 1.58. As 
compared with other initiating explosives it is relatively insensitive to impact and 
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fnction. It has good storage properties and an application has been 
both commercial and military detonators, particularly in the lS A 

Salts of Acetylene (Vol. Ill, p. 227) 

he i° U " d *“«* of 0.02 g and 0.29 g respcClvdy) * ’ ^ fulmina,e 

doubTrCc^So 6 V e °rr d ,he prope,,ics and « he 

a solution of AgNO^n dUu! ni ri b> ' aC ' ing Wi,h ace, - vlene 0,1 

to be 202- 20A- m,riC 1 1C,d ' The ‘"'"ation tempertiure was found 

figu.es of iSSrcTS d°e"sc , ra ’ C ff*"* ^ 

Ab,C, - a. NO wde description of the properties of the double salt 

“ - rasrsr KS’.srr a 

' of explosion lor the double salt was IR1 knl/mrxi ft \ 
acetylide 70.3 kcaJ/mol). kcal/mol (for silver 

manufacture of primers 

|an °"' 0f . th * leadin 8 explosives factories in Europe, Vihtavuori Works in Fin 

Silfar , a 80 r^ m p r ss f : 

MbS T f ?r ° fC through 

? d ~ 

comrol! ' " ■" ’ he d,V,ding W411S 3re °P* ned and closed by remote 

are precipi,aied * ~ p-w- - 

sieving SZSSr*?-- PreCIPi,a,i ° n ' mUing ' rd " ation - *y*»8 and 
apparatus bv washin >u , h"' Dryi " g “ carried ° u * «» 'he filtration 

transferred from n 8 ^ *° VCnt# 2nd d,yin8 ^ Warm air * 7,16 ^plosive is 

amtour phttag aPPara ' US ‘° a " 0,her ^ ,0ngS ^ ,eVers fitted -he 
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The explosive taken into canisters is transferred to another chamber where it 
is pressed into the proper metal elements. 

PEROXIDES (Vol. Ill, pp. 225, 299) 

Peroxides as explosives have no practical application with the exception of 
concentrated hydrogen peroxide, containing over 80% and90%H 2 0 2 (Vol. Ill, 
p. 299) as an oxidant in rocket fuel. It also became an important oxidant with a 
wide application - among reactions with concentrated hydrogen peroxide the 
reaction NH 2 — ►N0 2 was achieved to obtain hexanitrobenzene (Chapter VI). 
The reactions of radical polymerization under the catalytic action of acyl and 
ketone peroxides are well known. Among the latter use has been found for 
propione peroxide and peroxyacetic acid became a most important epoxidation 
agent. 

A number of monographs and reviews have been published on peroxides in 
addition to those mentioned in Vol. Ill (p. 227) 1 1 68— 1 76, 168 -175). The 
problems of peroxide reactions is outside the scope of the present book and only 
those related to explosives will be described here. 

Some peroxides, such as Ba0 2 , Sr0 2 arc in use in pyrotechnical compositions 
1 176) . This is outside the scope of the present book. 


Propione Peroxide ( X XI ) 


XXI 

found a wide application as an initiator of radical polymerization. It is much less 
sensitive to impact and friction than acetone peroxide (Vol. Ill, p. 225). 

Hexamethylenediamine peroxide which has two assigned formulae (Vol. 
Ill, p. 225, formulae I and II) was examined with NMR technique by T. Urban- 
ski [174), who found that formula I by Baeyer and Villiger [177] was the 
correct one. 

Among peroxides with explosive properties are those from 1,2-diketones 
(XXII) [178]. They were prepared by ozonolysis or by the action of singlet 
oxygene on alkanes, or by sodium hydroxide action on bromoperoxide 
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ozonides WWnj'^foUOTwdby 1 ^ deC ° mpOS1,i ° n ° f 

Superoxides 

dcgxee oTreac^ in 1934 Jo signify an exceptional 

obtained by " K °-' ^ " «* 

mary and secondary alkyl halides to yield d ll I ' eaC ‘ S raP ' dly Wi,h pn ‘- 
chlorides to yield diacyl peroxides c, ln / t d ky pcrox,de and with acyl 
some experimental conditions They wm" ** rCduCed 10 P e,oxid « under 
Valentine [1881. No ,ece " ,ly review ' d by Sawyer and 

have been recorded. P P pcr,les ofmc,a I superoxides or their mixtures 
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CHAPTER 18 

BLACK POWDER (GUN POWDER) 

(Vol. Ill, p . 322) 


Black powder is still little known . 

ring during its burning, although it has been known for 

Owing n ew tools such as differential thermal analysis 111 

solid-state chemistry |2-5], advances ; - II 

nique [6) and catalysis a theoretical and experimental >nn,» r l 
of mechanism 


as regards the mechanisms of reactions occur 

more than 2000 years. 

and advances in 
in free radical chemistry and HSR tech- 
1 experimental approach to the problem^ 
was made possible (Vol. Ill, p. 335). 

] recently gave an interesting review on burning black powder and 
impositions. He presented diagrams of differential analysis of the 
otassium nitrate, sulphur and their mixture when heated. Figure 


Pv*ot#cPnic nothtfmc 
fW etton het Aten piminim 
ritieir *no tulp'iur 


Solphu* rlia-nbic 
to mofioclimc 
tuniiiion, IC8*C 

Su phut men 
point, 1 18°C 


\ Sulphur I Kiu <d I qj|d 
transition. 188 *C 


Potassium m-.rj 
melnrq 3»‘C 


°o*assium nitrate 
thomlnc to trigonal 
Transit tor, 1?9°C 


I IG. 84 Differential calorimeter diagram of KNOj^S according toConcling |7). 

r bl T in bUrning bIack powder is: at which moment does the 

conden Jd 'T egm if ' 8 * Vol ‘ P ‘ and whether lhe reaction occurs in the 
condensed phase or the gas phase. 

Andreev [8| in his monograph pointed out that the burning of black 


powder 
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occurs mainly in the condensed phase. This explains the experimental facts that 
the rate of burning depends very little on the pressure and the heat transfer 
does not go through the gas phase but through the solid or liquid (molten) 
phase. Also the transiormation of the solid phase to liquid occurs through endo- 
thermic processes which do not favour the reaction. Glazkova et al. (9, 10] 
systematically examined the deflagration and thermal decomposition of mix- 
tures of potassium nitrate with carbon, sulphur and both these components. 
Here are her main conclusions: 

(1) the rate-controlling reactions of potassium nitrate with chaicoal occurred 
in the condensed phase, 

(2) the stoichiometric mixture of sulphur with potassium nitrate indicated 
that the burning does not depend on density and the rate-controlling 
reaction occurred in a gas-phasc. 

The rates of burning ot mixtures of potassium nitrjte with sulphur are higher 
than those of potassium nitrate with carbon. 

It follows from Fig. 85 on the mixture of three components: KN0 3 , carbon 
and 5% sulphur, that the rate of burning was greater in the samples pressed to 
the theoretical than to the lower density. 
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MG. 85. The rale of burning of a mixture of KN0 3 . carbon and 5% sulphur 
at a lower (I) ard higher (2) density, according to Glazkova er al. (10) 


This meant that the rate-controlling reaction occurs mainly in the condensed 
phase. 

Glazkova also examined the action of catalysts such as lead chromate: it leads 
to an increase in the importance of reactions in the condensed phase. 

Bowden and Blackwood [11] pointed out the important part played by char- 
coal in the process of burning black powder and the role of soluble constituents 
present in charcoal. 
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“ 1S known that unpaired electrons and free radicals are present in charcoal 

l 2 \ , an i othcr fact ** that the grading of polymers and charcoal produce the 
break of covalent bonds > C - C <to form free radicals ^C- [13]. 

T. Urbariski advanced the view [14, 15] that free radicals in charcoal con- 
siderably influence the properties of black powder. The concentration of free 
radicals in charcoal depends very much on the temperature of carbonization in 
the range 245-650 C (Fig. 86). ‘Ammonpulver* - a mixture of 85% NH 4 N0 3 

and 15% charcoal - was prepared from charcoal made at various temperatures of 
carbonization of cellulose. 
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HG. 86. Spin concentration in charcoal against the temperature of carboniz- 
ation of cellulose, according to T. Urbanski ci at. 16 1 . 
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FIG. 8^. Rate of burning (‘coefficient of vivacity*, dp/d/ max ) of “Ammon- 
pulvcr* against the temperature of carbonization of cellulose, according to 

T. Urbanski el at [61 . 


Numerous modifications have been introduced, some with the aim of reducing 
the rate of burning. 

One of the modifications consisted in partially (or completely) replacing 
potassium nitrate by sodium nitrate. Sodium nitrate changed some properties of 
the mixtures, in spite of the similarity to potassium nitrate. As pointed out pre- 
viously (Vol. Ill, p. 329), sodium nitrate mixtures for mining (in Germany 
‘Sprcngsalpctcr') gave a better performance than potassium nitrate mixtures (in 
Germany ‘Sprengpulver’). This has never been investigated and explained, but 
recently a few notes have appeared which point out the difference between 
sodium and potassium nitrate. Thus according to Towse |17] the difference 
between these two nitrates can be found in their behaviour at a temperature of 
03. 900 c C. Sodium nitrate decomposed mainly according to equation (la) but 
ca. 8% leaded in the sense of equation ( 1 b): 


• 2 NaNOj + 0, 


2 Na NO 


n 

NO + NO, f (). 


(la) 

(lb) 


Die rate of burning of ‘Ammonpulver’ was expressed as a coefficient of viva- 
city determined in a Sanau-Vieille-Burlot closed vessel [16], The coefficient of 
vivacity against temperature of carbonization of cellulose is given in Fig. 88. ll 
follows from the comparison of Figs 86 and 87 that the rate of burning of 
Ammonpulver has the same trend as the concentration of free radicals in the 
charcoal. Subsequently it follows that the concentration of unpaired electrons in 

c larcoal is at least one of the factors influencing the rate of burning of black 
powder. 


Modifications of Black Powder 

One of the characteristics of black powder is that it is a fast burning mixture. 


Reaction (lb) does not occur with potassium nitrate. In the light of the above 
it seeins that sodium nitrate is more reactive than potassium nitrate at high 
temperature. 

Various modifications of black* powder arc known. One of the most popular 
is sulphurless black powder (Vol. Ill, p. 331). Fedoroff and associates |18) men- 
tioned over twenty different modifications of black powder. 

Here are a few modifications introduced with the aim of lowering the rate of 
burning. 

(1) Addition of silicate dust (e.g. brick dust) and graphite. Such mixtures do 
not bum uniformly and leave a considerable residue. 

(2) Addition of resin, which reduces the rate of burning of black powder 
under atmospheric pressure ca. 20 times. 

(3) Substitution of pitch for charcoal slows down the burning 4 to 10 times. 
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for ( i ) afco b r ,Uti0n ° f CUPrene (aCetyle " e P ° lyenniZed on cop P* r «* a catalyst) 

gested ^ F° oS ,riPheny ' Ph ° SPha ' e ' SUbS ' i,Uled Ure “ (aS su *' 

Jl^ blaCk P ° Wder Wi,,, n ‘ Iroce I'ulose dissolved in a usual solvent, with 
the ratto black powder, nitrocellulose being 60/40. The resulting dow was ex- 

S3me T “ Cam,0n pr °P c!lants - ™* «* known as Beni.e, 
de eloped by Hassmann and unproved by Huselton and Kaplowtiz according to 

kno Trizrr: °i ^ ni,e was: 4o% Ni,,oct " u, ° se 03 . 15 % n>. 44 . 3 % 

in rCMl - E,hyl Cen,raIi,e was addcd ,o ,his mixlUre 

According to S.e.tbache, [19] the addition of ! -6% of BaSO. is strongly ad- 
d to slow down the rate of burning of black powder 

JUTriTT. m0difications of black powder a paten. [20] should be men- 
honed The mixture is composed of potassium perchlorate (60 80%) salts of 

3 Snla " pro P° rti - water («, 2^ Water 1. 
probably combined with benzoic acid salts in the form of hydrates 

can o^ur * eharCOal Wi ' h Pi ‘ ^ ^ *" incicasc in corning 

Considerable work is being carried out by Glazkova et al. [21, 22] on the 

burning of mixed explosives and the catalysis of bummg. She considered sulphur 
in black powder to be a catalyst. 

Here arc the main conclusions of the work of Glazkova er al. [22] related 
to the burning of mixtures of inorganic nitrates with charcoal 

( 1 1 Inorganic nitrates can play the part of catalysts and their effectiveness can 
be arranged in the following way: 

Na > I’b > K > Ba > Al > Ca. Mg. Cu. 

(2) A stoichiometric mixture of ammonium nitrate and charcoal reacts in the 
ondensed phase and a similar mixture of sodium nitrate with charcoal in a gas 
Phase (see above for the statement on burning a mixture of potassium nitrate). 

IJ) I he burning rate of the mixtures depends mainly on the catalytic activitv 
cations and not on their concentration. 

(4) The most effective catalytic action on the burning of mixtures with am- 
n, um, potassium and sodium nitrate possess salts of Cr (VI), t u(ll). Fb <11 > 
n su phur. They are acting mainly on reactions in condensed phase, that is. 
in a,n nionium and potassium nitrate. 

'{Explosive properties 

p''„r PC ' by ,SakSSOn and Rit,feldt t 23 l Ascribed the examination of black 
enf / ° d,fferenl origins. They came to the conclusion that samples of differ- 
ri gms can be identified on the basis of their combustion parameters. 
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Thus burning under atmospheric pressure can vary from 1.2 to 2.1 m/sec. In 
a closed vessel, the coefficient of vivacity (dp!dt) miX can vary from 4000 to 
10700 sec. 

The rate ol burning of confined black powder can be as low as 1 70 m/sec for 
coarse powder [24) to 950 m/sec for fine powder [25] . For sulphurless powder 
the rate of burning is higher: 1 500 m/scc according to Belyaev ci al. [25] . 


Hygroscopicity of J Hack Powder 

Potassium nitrate is nun-hygroscopic, but black powder is relatively hygro- 
scopic. Charcoal is responsible for the hygroscopicity of the mixture because of 
the high absorption power of charcoal. One of the methods of reducing the 
hygroscopicity is to mix charcoal with non-hygroscopic substances. This how- 
ever may reduce the burning properties of the powder. 

The method of mixing charcoal with sulphur (binary mixture) can be bene- 
ficial under the following conditions: 

( 1 ) all charcoal is mixed with sulphur, 

(2) the temperature of mixing should be kept for a short time at approxi- 
mately 120°C, that is, above the m.p. of sulphur, 

(3) mixing is carried out in the air-tight container in an atmosphere of nitro- 
gen, to prevent the oxidation of sulphur. 


Manufacture o] Black Ponder 

The classic method of manufacturing black powder comprises mixing the 
ingredients in a ball mill and finally in edge runners. The process has not changed 
in nearly a hundred years. However, recently an improvement has been intro- 
duced by l^vold [26) in the factory of Dyno industrier A.S., Nitedals Krudt- 
vaerk, Nitedal in Norway. This method consists of mixing and milling all three 
ingredients in a single operation in a Jet-Mill (Fig. 88 [24)). The mill has no 
moving parts which is one of the safety factors. Compressed air is blown through 
a specially designed nozzle in the lower part of the mill and into the grinding 
chamber. The air leaves the nozzles with a very high velocity. The material to 
be crushed - a mixture of all three components as a continuous stream - is 
fed into the chamber where the collision of particles causes pulverization to the 
size distribution as follows [26) : 

100% finer than 25 pm 
95% finer than 15 pin 
90% finer than 10 pm 
83% finer than 5 pm 
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Nozzles — 



FIG. 88. Jet Mill of Nitedals Krudtvacrk, Norway for Compounding Black 
Powder according to L^vold 122) as given ir. S. Kaye. Encyclopedia of Ex- 
plosives. Vol. 8. p. P5 1 7 . ARRADCOM, 1978. 


By changing the running conditions of the mill it is possible to get other par- 
ticle sizes. The Jet-Mill is a central part of the new method of making black 
powder. However some old elements can be used. According to L^vold the pro- 
cess can be depicted by the scheme: 

KNO3+S+C —►Weighing and Mixing Bin— •- Mixture bin (supplying con- 
tinuously the required quantity of the mixture) —•-Jet-Mill — - Cyclone — » 
Press —•-Corning — ► Sieving — •> Polishing. Hie dust from the sieve goes back to 
the Cyclone. 

Ldvold has summarized the advantages of this new process as follows: 

1. It is possible to operate the process automatically. 

2. It is possible for one person to supervise the process by remote control. 

3. The amount of explosive in the process is small. 

4. The whole process can be carried out in one single room. 

Although an explosion occurred at Nitedal in 1976, according to Biasutti 
[31] it was not connected with the manufacturing process, lire explosion 
occurred outside the manufacture building. 
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The Use of Black Powder 

1. Black powder with potassium nitrate and with sodium nitrate (the latter- 
Gcrman ‘Sprengsalpcter’) is widely used for mining when a low strength ot ex- 
plosive is required, for example in quarries where large and undamaged blocks 
are needed or when the material is soft (e.g. slate). 

2. For slow burning fuses, delay charges. 

3. For small rockets (signal, distress and life-saving at sea rockets), rockets for 
rain-making (Vol. Ill, p. 324). 

Pyrotechnics 

Pyrotechnics is strongly connected with black powder. This is however out- 
side the scope of the present book. The existing literature is recommended 1 2 7 — 
30). 

Accidents with Black Powder 

As mentioned earlier (Vol. Ill, p. 361) the manufacture of black powder is one 
of the most dangerous operations in the production of explosives. Before the 
advent of the manufacture of nitroglycerine it was considered to be the most 
dangerous type of manufacture. It still remains dangerous in spite of considerable 
improvement in the methods of production. In his book Biasutti |31 1 described 
an explosion in the edge runner at the factory in Modderfontein, South Alrica 
in 1980. Nobody was injured thanks to the remote control operation. 

History of Black Powder 

The following are published monographs dealing specifically with the more 
recent history of black powder in various countries to complete the references 
in Vol. Ill, pp. 363-364- [32-36). 
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CHAPTER 19 

COMMERCIAL (MINING) 
EXPLOSIVES 

(Vol. Ill, p. 395) 


INTRODUCTION 

The early history of the use of explosives in mines and in various branches of 
civil engineering has been described in Vol. 111. Tie growing use of explosives 
for peaceful application has been described in a number of monographs. Here 
aic some of them (in addition to those mentioned in Vol. Ill): 

Assonov |l|. Samujffo |2|. Kossi and Pozdny3kov |3] . Cybulski [4],Chare- 
wicz. Krawicc ef al. (5| . Dubnov, Bakharevich and Romanov [6 , Fordham [7) , 
Mining Research, Two Collective Vols (Ed. G. B. Hark) [8 , the book on 
Explosive Working of Metals by Reinchart and Pearson [9) . 

According to the U.S. Statistics |10) the consumption of industrial explos- 
ives in the U.S. A. in 1979 and 1980 surpassed 4000 million pounds a year. 

It should be added that in the U.S. A. commercial explosives can be classified 
as blasting agents and explosives [1 18). The former arc those which do not do- 
tonatc from a detonator No. 8 but require a stronger initiator, while explosives 
detonate readily. 


PRINC IPLES OF COMPOSITION OF COMMERCIAL EXPLOSIVES 

The principles of the design of commercial explosives were described in Vol. 
Ill, pp. 420 440. Some of the principles will now be discussed in detail on the 
basis of more modern literature. 


Oxygen Balance 

The composition of commercial (mining) explosives should correspond to 
two requirements: 

(a) production of non-toxic gases, 

(b) full utilization of the energy of the reaction between the oxygen carrier 
and combustible ingredients. 
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oxic gases- carbon monoxide and nitrogen oxides respectively Dubr.ov ,7 al 
the S e ot° Ut ‘ he eXPl<>SiVe C3n a,S ° reaC ‘ Wi ' h 1(16 mediui " surrounding 

-rri a . d KhUdyak0V 1121 S,Udied ,his P roblem and ‘O the con- 

n bind NO IK;,' 6301 Wl ' h C °’ ,0 * eld CO - a P a “*« -d potassium sal"s 
d N ° 2 ’ mol > b denum and some copper ores bind carbon monoxide Some 

is 

f (i * * . po, " ,ld out ,ha! sul P h,,r containing ore may be responsible for the 
lormation of such toxic gases as S0 2 and ll 2 S 

<" » nu. «„ An. 


1 ABLE 76. Toxic gases produced by detonation 
of Ammonit 6 161 


Combustible of the 
wrapper in g for lOOg 
of explosive 


Oxygen balance 
% 


Found in the 
atmosphere of the 
borehole l/kg 


Paper 

Paraffin 

wax 

Explosive 

Cartridge 

CO 

no 2 

1.7 

1.7 

2.3 

4.8 

+03 

♦0.3 

- 9.8 

- 18.3 

30.1 

34.1 

3.4 

3.4 


with°Sve C thv2 n e g th, DUbn ° V reP ° r,ed ,ha! by re P laci "8 P^ffrn wax papa, 
Vd.h polycthy en^ the concentrate of carbon monoxide was reduced from 

^ t° - 20 i/kg, alter the detonation of Ammonit No. 6. 

paper to Teld 2?“ T^ 0 " L '' U S S R l l3 l ^uced 'he amount of 
of explosive 8 ? ^ S ' mUar ,1 >' dro P hoh ' c product) to 2.5 g/100 g 

Other factors innuencing the formation of CO and nitrogen oxides: 

I he f ineness of parttcles of ammonium nitrate reduces the amount of CO and 
NO, as given by Svetlov [ 1 1 ] . see Table 77. 

r c i? 8 . ,he COmpOSi,ion ° f «>* products is the ratio be- 
ween the diameter of shot-hole and the diameter of the cartridge. The following 
we data for Ammonit 6 Zh V [ 1 1 J : sec Table 78. 8 

Poll'd TT’ 5 ' 1 ' 0 !' ° f fUmeS pr0duced b y detonation of explosives used in 

cXl ka and^h , ° 2 (V ° L m - pp - 47 «^> - examined by 

both lahn b , l ] 1710 fumes were anai > scd 3{<e < detonation in 
both laboratory comht.ons and in shot-hole underground. Samples of gases 
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I ABLE 77. Influence of the fineness of ammonium nitrate of the 

amount of toxic gases, 

according to Svetlov as reported by Rossi 1 1 1 J 

Concentration of 


Explosive 

toxic gases. 1/kg 
CO 

NO 

Ammonit No. 6 



large particles 

28 

9.8 

fine panicles 

23.9 

2 

Ammcnit PZhV-20 



large panicles 

23.8 

5.8 

fine panicles 

21.4 

0.9 


TABLE 78. Influence of the diameter of shothole and of the cartridges III] explosive: 

Ammonit No. 6 ZhV 


Shothole 


Diameters in mm 

Cartridges 


Concentration of toxic gases. 
1/kg 

CO NO 


32 49-57 1.4 -3.6 

32 30 31 1.4 -1.9 


were taken 2 and 10 metres from the test site every three minutes for 30 40 
minutes. The maximum concentrations were found as below: 

CO 0.007-0.040% 

NO : 0.0055-0.010% 

These concentrations decrease very quickly through the blowing ventilation. 
Overcharging of shot-holes produced a marked increase in the above gases. When 
fired in coal more fumes are produced than in stone. 

Volk (15) examined the detonation fumes, between the detonation of Am- 
monit 1 in an atmosphere of air and argon. In the former case the amount of NO 
was higher than in 3rgon, and the method of determining toxic gas products in 
the Federal Republic of Germany was described (16). G. Persson and P. A. Pets- 
son |106) and Undqvist and Johnson (107) found that experimental firing of 
charges ot AN— FO explosives in steel-tubes gave results comparable with those 
in rocks. Similar results of firing charges in mortar were also reported ( 108) . 

HYGROSCOPICITY OF MINING EXPLOSIVES 

The hygroscopicity of ammonium nitrate is a great drawback in explosives 
containing this salt. It limited the use of ammonium nitrate explosives, and only 
relatively recently methods were found of reducing the hygroscopicity of am- 
monium nitrate explosives. 


5J8 
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One of the methods of protecting explosives against moisture consists in using 
a hydrophobic envelope, such as paper impregnated with hydrophobic sub- 
stances more efficient than paraffin, such as paraffin with added substances con- 
taining polar groups - pitch, asphalt, petroleum tar etc. or using a polyethyl- 
ene envelope. 

A recent method of protecting ammonium nitiate against moisture, is mixing 
it with substances such as calcium or zinc stearate, petroleum tar, asphalt, 
barium sulphate and guar gum powder. According to Dubnov (6) stearates are 
in powder form of 5-20 /jm size, whereas ammonium nitrate is of 70 120 pm. 
Owing to such sizes a very small proportion of stearates suffices to cover the sur- 
face of particles of ammonium nitrate. To evaluate the efficiency of the hvdro- 
phobic substances - Pozdnyakov in the U.S.S.R. (17) developed a hydrostatic 
apparatus which determines the pressure of water which is required to penetrate 
through a thin layer of explosive enclosed in a capsule. Dubnov |6| gives the 
figures for water pressure in centimetres needed to pass through a standard 
explosive composed of ammonium nitrate (80%), TNT (19%) and hydrophobic 
substance ( 1 %). Some of his figures are collected in Table 79. 

TABLE 79. Water column (in cm) needed lo penetrate Po/nyakov 

apparatus (6) 

Calcium stearate 
Zinc stearate 

Paraffin wax petroleum tar (4:1) 

Paraffin wax -asphalt (1:2) 

Ferric stearate 
Paraffin wax 

Paraffin wax- ealopheny (4:1) 

Paraffin wax-soot (1 :2) 

Paraffin wax graphite (1:2) 

Paraffin wax ealopheny (3:1) 

Paraffin wix-dinitronaphthalcne (1:2) 

Shestakov |18) introduced an original method of protecting ammonium 
nitrate which consists in mixing ammonium nitrate with Fe 2 (S0 4 ), (0.5%) and 
iatty acids (stearic, palmitic acid) (0.25%). A tliin layer of ferric stearate or pal- 
mitatc is Jormed on the surface of crystals of ammonium nitrate. It is now 
customary to use 0 3-0.4% fatty acids and 0.07% iron salts. Part of the fatty- 
acids can be replaced by paraffins. Explosives containing fatty acids and iron 
salts are marked with symbol Zh V. 

Hie mixing of ammonium nitrate with hydrophobic components is usually 
achieved in edge runners used extensively in black powder manufacture (Vol. 
HI, p. 350, Figs 93, 94) or in disc mixers (Vol. Ill, p. 504, Fig. 166). 

Water resistance of commercial explosives is examined in Germany at Test 
Station Dortmund - Deme [69] . 
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A train of four cartridges is fixed in a file on a wooden board, the first of the 
cartridges is equipped with a detonator No. 8. Five longitudinal notches are cut 
into each cartridge. The train is immersed for 5 hours in 20 cm depth of water. 
After that they arc detonated. "Die train must detonate entirely. 

A similar test is used in the U.S.A. (69) . 

STABILITY OF COMMERCIAL EXPLOSIVES 

Physical Change* 

Ammonium nitrate commercial explosives are stable at a moderate tempera- 
ture and dry atmosphere and should not be kept at temperatures above 32 ( 
when a change in the crystal habit of ammonium nitrate occurs and the change 
of temperature may harden the cartridges. The same can occur it explosives are 
kept in a humid atmosphere and a change of temperature can produce cracking 
of ammonium nitrate. 

Explosives with nitroglycerine should be protected from Ircc/.ing and the 
thaw’ing of frozen nitroglycerine can cause disasters (Vol. Ill, p. 518). ( urrently 
in most countries a non-freezing mixture of nitroglycerine with nitroglycol is 
used. The change of explosive properties on storage was discussed in Vol. Ill, 
pp. 436 438. 

Chemical Changes 

Ammonium nitrate is usually slightly acid owing to the loss of ammonia 
leading to the presence of free nitric add. This can possess a deteriorating effect 
on nitrate esters present in the explosive. It is therefore advisable to include 
neutralizing agents, such as CaC0 3 and Centralitcs (Vol. Ill, p. 645). The latter 
in proportion of 0.5%. Diphenylaminc can be used only in mixtures without 
aromatic nitro compounds, as diphenylamine reacts with higher nitrated aro- 
matics. Ammonium nitrate explosives with nitrate esters and dynamites arc 
usually subjected to the Abel-test at 80 f C to verify their stability (19) . 

Apart from the reaction of the decomposition of nitrate esters some other 
changes can occur in mixed explosives, such as the reaction ol the oxidation 
of aluminium, particularly marked in water-gel explosives. Also permitted (per- 
missible) explosives containing ion exchange mixtures ol sodium nitrate with 
ammonium chloride a double exchange reaction can occur: 

N'aNOj + NILCI NaC1 + NH 4 NO, 

The reaction is reversible and ammonium nitrate can react with sodium chloride. 

All the above considerations lead to imposing a limited storage time on 
mining explosives. In Poland ammonium nitrate permitted explosives should be 
used within 1 V 2 — 3 months from the production date. Non-permittcd ammonites 
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and dynamites 2-4 months. In the U.S.S.R. ammonium nitrate explosives in 
cartridges should be used within 3 months. 

RATE OF DETONATION AND CRITICAL DIAMETER 

As is well known the rate of detonation of explosives depends on the density 
and diameter of cartridges. Figure 89 gives the rate of detonation against the 
diameter of cartridges of some mining explosives according to Cybulski |4) 



5 10 15 20 25 30 35 <0 

Diameter of cartridges (mmj 


ITU 89. Rate of detonation of typical mining explosives against diametet of 

cartridges |4) . 

Below a certain diameter detonation is not propagated. A definition of the 
critical diameter is as follows. The critical diameter is larger when the cartridges 
detonate in the open, and smaller when confined in metal tubes. Table 80 
gives the figures according to Cybulski [4] . 

As is known, the rate of detonation depends on the confinement of the 
charges. Cybulski |4J gives some data collected in Tabic 81. 

“GAP TEST” (TRANSMISSION OF DETONATION) 

llie gap test values depend, among different factors, on the density (see Vol. 
p - 436 « Fi §- ,44 )> diameter (Table 82) and confinement (Table 83). 
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TABLE 80. Critical diameters of mining explosives 
according to Cybulski 14] 


Explosives 

100 % 

detonation 

Diameters in mm 
Possible 
detonation 

No 

detonation 

Metamt powictrzny D2 

20 

15 

10 

Karbonit wqglowy D2 

25 

15 

13 

Amomt skalny 5 

10 

A A 

B 

1 n 

Barbaryt powictrzny AG1 

25 

20 

1 7 

Dynamit skalny 1G1 

12 

B 

( 


TABLE 81. Dependence of the rate of detonation on confinement 


according to Cybulski [4) 


Diameter of 


Rate of detonation m/s 

Explosive 

cartridges 

Density 

In open 

In a shotholc 


mm 




Metanit pcwictrzny D2 

36 

0.71 

1620 

1920 

M A A 

Karbonit w^glowy 1)4 

36 

0.71 

1960 

2330 


TABLE 82. Dependence of the pap-test on diameter (Dubnov [61) 


Diamctci 

mm 

AM 8 
gap in cm 

Explosive 

AM 10 
gap in cm 

32 

0-1 


2-3 

36 

2-4 


3-6 

40 

4 6 


5-8 

60 

7-15 


10-20 

90 

20-30 


25 30 

TABLE 83 Gap-test in open space and ir. a mortar. 

Initiation with detonator No. 8 


according to T. Urbanski 120 ] 




Gap tes 

1 , cm 

Explosive 

Density 

in open 

in mortar 

Brady i powictrzny C* 

1.08 

18 

25 

Bradyt powictrzny F** 

1.06 

15 

24 

A 2** # 

1.00 

1.5 

2.5 

Micdziankif" 

1.70 

0 

40 


Compositions: 

•64.7% NH 4 NO 3 . 4% nitroglycerine. 8 % TNT. 2% charcoal. 
20% NaCl. 

— Vol. III. p. 475. 

••* 85.5% NH 4 NO 3 . 5.5% TNT. 9% nitronaphthalene and in 
addition ca. 1.5% mineral oil. 

•••* 90% KCIO 3 , 10% Kerosene (Vol. HI. p. 278). 
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Gap Test and Temperature 

The gap test depends on the temperature of explosives. Thus for a permitted 
“S” Wlth l0 o % n ' I, oglycerine-nitroglyco] the gap was found to be 5 cm at 
10 C, 6 cm at 0 C, 8 cm at 10° C and 10 cm at 20°C (see Dubnov et al. [6] ). 

A remarkable difference exists between the gap test in the open and m a 
mortar with the chlorate explosive Miedziankit. When initiated in open space 
with detonator No. 8 the detonation died away 7-10 cm beyond the detonator. 
On the contrary, in a mortar, no limit was found owing to the short borehole. 

le problem of the cause of such a difference between ammonium nitrate 
study h ° ra,e eXpl ° S ' Ve has no1 been exammed but certainly merits a special 

Potassium chlorate is no longer used in explosives and is limited only to pyro- 
technic compositions and match-head formulation [21], Sodium chlorate is 

produced to manufacture chlorine dioxide as a bleaching agent of wood pulp 
and cellulose fibres. 


The transmission distance of picric acid charges was examined by Burlot (221 
This is however outside the scope of the present book. Also the method of 
determining the transmission detonation through an inert solid medium such as 

nT L°' ? rd ; b0ardS (‘ ca “J- gap test’) (116, 117), cellulose acetate (121. 

! 22 l ° r p e ^ ,as la y*' » discussed in the literature on the theory of detonation 
for example (34). 


CHANNEL EFFECT 

r. Urbanski in 1026 [20| described the phenomenon currently known ss 
channel effect (Vol. Ill, pp. 435 436). He found that several ammonium nitrate 
explosives in a steel tube produce a shock wave which moves at a velocity higher 
than the detonation wave. This is summarized in Table 84. 

1 he author expressed the view that in a long bore-hole ‘end’ cartridges can 
>e compressed to a high density (‘dead pressed*) which detonate with difficulty. 


I ABLE 84 Shock wave in open space and in a steel tube. 
Initiation with detonator No. B 
according to T. Urbanski (20, 33] . 

Explosive Bradyt F (sec Table 83), cartridge 30 mm diameter 



In the open 

In a steel-tube 
35/42 mm 

Detonation velocity m/s 

2740 

3220 

bhock-wavc m/s 



0-50 mm 

1815 


50-100 mm 

560 

3830 
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An unfavourable opinion of this work was given in (23) . The phenomenon 
was described in 1965 by Ahrens (24], Woodhead and Titman [25], and by 
Johansson and Persson (26]. Tribute was paid to the priority of the author of 
the present book by Golbinder, Svetlova and Tyshevich (27) . The latter authors 
contributed a considerable number of experimental facts on channel effect. 


POSSIBLE SPIRAL WAY AND DETONATION OF MIXED EXPLOSIVES 

Photographs of the detonation of ammonium nitrate explosives with an open 
lens camera were taken by T. Urbanski [28]. The image was composed of light 
and dark bands with a sinusoidal shape. An hypothesis was advanced by the 
author of the possible spiral way of the detonation. At the same period British 
authors Campbell, Bone ci al. (29, 30] published a number of papers in which 
they indicated the spiral way of the propagation of detonation of gas mixtures. 
Their results were substantiated by Laffittc et al. (3 1 ] . 

T. Urbanski continued his experiments with a camera giving images at 10 4 $ 
intervals (32] . 

The conclusion was (33] that only mixed explosives, for example ammonium 
nitrate TNT give the described pattern. 

The latter fact was also observed by P. A. Persson and G. Persson |34] and 
they claimed that the pattern on the photographs was due to glass cracking. An 
argument against such a suggestion is that if a glass-tube is filled with an homo- 
geneous explosive, for example TNT, Picric Acid or PETN, no sinusoidal pattern 
is observed, although the cracking is the same. 

Another experiment by T. Urbanski (33, 34) throws some light on the de- 
tonation of explosives, if the detonation was carried out in a plastic tube 
put concentrically inside another tube made of glass and suspended in air (Fig. 
90). If the inner tube was filled with homogeneous explosive not a mixture, the 



D 


FIG. 90. Detonation in two concentric tubes T - outer glass tube, I - innei 
celluloid tube filled with an explosive, D - detonator 1 3 2, 33]. 

mner tube remained undamaged after the detonation. If the inner tube is filled 
with a mixture (e.g. NI1 4 N0 3 and TNT) the inner tube was covered with holes 
(Fig. 91). 

The success of the experiment depends on the choice of the correct dimen- 
sions of the outer (glass) and inner (plastic) tube. 

The fact that the inner tube filled with mixtures is perforated indicates that 
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FIG. 91. Inner celluloid lube after detonation of TNT/ Ammonium nitrate 
78/22 mixture, according to T. Urbariski [32. 331. 


the two solid phases forming an explosive mixture do not detonate simul- 
taneously and this fact has some bearing on the pattern seen in the photograph. 

It should also be recalled that the slow explosion of nitroglycerine can mani- 
fest a spiral mode of propagation [35) . 


DEFLAGRATION OF EXPLOSIVES IN COAL-MINES (Vol. HI. p. 417) 

The deflagration of explosives in coal mines was examined for the first time 
by Audibert and Dcltnas [36) and independently by Cybulski (Vol. Ill, p. 418) 
anil showed that the decisive factor is the admixture of coal-dust to the explos- 
ive particularly in the vicinity of the detonator. Explosives containing nitro- 
glycerine are more liable to deflagration and particularly chlorate explosives can 
create such a danger. 

The problem of detlagration of ammonium nitrate explosives was extensively 
investigated by Andreev and co-workers [37| . Their conclusion was that the pre- 
sence of wood meal increases the ability of such explosives to deflagrate and 
reduces the critical diameter of burning. Also the replacement of NH 4 NOj + 
NaCl by NaN0 3 + NH 4 C1 (Vol. Ill, p. 421) in mixtures containing TNT and 
nitroglycerine slightly increased the ability to deflagrate. Andreev and Glazkova 
[38] found that the ammonium nitrate/TNT mixture 80/20 burned faster under 
the action of the addition of potassium nitrate or potassium perchlorate. Further 
experiments by Glazkova and Zhadan [39) suggested replacement of ammonium 
chloride by ammonium oxalate. 

According to Dubnov [6) the conditions of shot-firing which lead to a de- 
flagration of mining explosives were recently established by Galadzhii and co- 
workers [40, 41), Dubnov and Romanov [42]. In principle deflagration can 
occur when the gap between cartridges is larger than that required to produce 
the detonation. Thus Dubnov and Romanov [42] describe three gap regions: 
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(a) transmitting the detonation, 

(b) producing the deflagration, 

(c) refusing any action. 

This is depicted in Fig. 92 based on experiments [6] . 



FIG. 92 Experimental curves of the probability p of detonation (1). burning 
<2) and no reaction (3) of a passive cartridge of cyclonitc (dia. 35 mm, density 
p - 1.2) as a function of the distance L cm from the active cartridge ol TN I 
(dia. 35 mm. p • 10) according to Dubnov ct at (6l . 


In the U.K. the ability of explosives to deflagrate is examined with the gap 
test by filling the gap with coal-dust. 

The papers by Zimmermann [43] and Murray et al. [44 ) pointed out once 
more that the penetration of coal-dust into the explosive increases the danger of 
deflagration of the explosive. Further experiments on deflagration confirmed the 
influence of coal-dust on the case of deflagration [ 1 02 1 . Some experiments were 
carried out to show the influence of deflagration on methane-air explosion 

[103]. 


EVALUATION OF THE STRENGTH OF MINING EXPLOSIVES 

In addition to the laboratory methods which comprise mainly lead block ex- 
pansion and the rate of detonation different methods of a more practical charac- 
ter are in use. Thus Cybulski [4] reported the method used in Poland which is 
essentially the method of bench firing and determining the burden which can be 
brought down by a charge of 200 g of explosive in a bore-hole of 80 cm length 
and stemming of 60 cm. This is presented in Fig. 93. In (a) the correct burden is 
shown and in (b) an overlarge burden is shown. The dimensions lor a rock are 
referred to 200 g of Metanit D2 and stemming with lime. 

Apart from such a practical method of determining the strength of explosives 
the following are the laboratory methods of examining the strength of explosives 
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5 cm 



<■> lb) 

1KL 93. Determination of the strength of an explosive by firing in j coal 

of *200 * m V' T”'- bUrdCn (50 cm) (b) a burdcn *°° <60 cm). Charge 

of 200 g Mctanit powietrzny D2 (I), stemming (2), according toCybuEk: ; 4 1 

(Fordham [7)): ballistic mortar, lead block expansion (Trauzl block’), rate of 
detonation. 

International Study Group for the Standardization of the Methods of 
csting Explosives, EXTEST has been in operation since 1960 (the original 
name was: 1 he European Commission for the Standardization of the Methods of 
iestmg Explosives). The early history of this organization has been presented by 
Alirens [45 j. Tire reader should consult this important paper which gives tech- 
meal details for carrying out the testing of explosives, further developments have 
been reported by Persson [46], 

Among the methods for determining the strength of explosives underwater 
detonation has been recommended. It was described for the first time by Sad- 
win oo ey, Porter and Stresau (47). The authors suggested that the method 
developed for testing military explosives (48) could be used for commercial 
xplos'ves. Further examination of underwater detonation of explosives was des- 
cribed by Peterson and Begg |49), Fosse [50] and Bja.nholt [51]. Ail of these 
authors came to the conclusion that ‘bubble energy' can be readily measured and 
orms the most useful criterion provided by the underwater test. It is not limited 
o gram quantities and can be used in charge dimensions comparable to those 
use in practical blasting, it is also simple and inexpensive. According to Fosse 
Ihc charge is placed at a depth of 12.65 m in a basin 19 m deep and with a radius 
O' 50 m. More recent experiments on underwater detonations have been re- 
ported ! [104| Satyavratan and Vedam [105] found that a linear correlation 
exists between underwater energies and lead block expansion values 
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SAFETY AGAINST METHANE AND COAL-DUST 

This problem was fully discussed in Vol. Ill, pp. 409-491 . A few more recent 
items of information will be given here. 

The modem testing gallery in India is presented in Fig. 94. 


F ixed flange 



1 5? m tin X 10 m long wrlh Dtaphajm ( current rod kiaft 

15 mm ihtck wall »t*H gail«y P»P«' Of polveihylr v Him) 


FIG. 94. Modern Cylindrical Steel Gallery lor Testing Permitted Explosives 
(Courtesy IDL Chemical Ltd. Hyderabad, India). 

As mentioned previously the result obtained in a gallery depends on the mode 
of initiation. 

In the usual test the detonator is inserted last into the cannon, this is called 
direct initiation. If the detonator is placed at the opposite end of the train of 
cartridges and is inserted first into the cannon the initiation is called inverse and 
the probability of ignition of a methane-air mixture is very high. Figure 95, 
illustrates the difference between direct and inverse initiation according to 
Taylor and Gay |52] . 

More severe tests, known as ‘Break Tests’, exist in the U.K. a description of 
which was given in Vol. Ill, p. 419, Fig. 140. Here is the description according to 
Fordham (17), pp. 79-82). 

The tests were devised in the United Kingdom for studying the safety of ex- 
plosives intended for use in npping, i.e. increasing the height of roadways in 
mines after the coal has been extracted. The extraction of coal relieves stresses 
in the surrounding rocks and is therefore liable to cause breaks which can con- 
tain methane-air mixtures. 

Break Test 1 consists of a shot-hole in which a break occurred across the hole 
in the middle of the explosive charge. It is simulated by placing a train of explos- 
ive across the gap between two steel plates in a test gallery. 

Break Test 2 consists of a break parallel to the shot-hole in such a way that 
half of the shot-hole is in one piece of rock and the remainder of the explosive 
in the space between the rocks. It is simulated by two parallel plates of which 
the lower is grooved as a bore-hole — Fig. 96. 
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Power blasting gelatine) 



FIG. 95 Effect of initiation on gallery testing PJ 



HG. 96. No. 2 Break Test. The position of the upper plate is shown by the 

broken lines, according to Eordham (?1 . 

% 

Two heavy steel plates 1.8 m 2 are held 5 or 15 cm apart. The plates are in a 
gastight enclosure formed from steel sides with sheet polyethylene. The explos- 
ive cartridges are in the groove. The space inside the enclosure is filled with an 
explosive gas mixture. The ignition or non-ignition of the gas mixture is observed. 

Break Test 3 consists of a break occurring at the end of a shot-hole. This is 
simulated by a cannon fired with the mouth in close proximity to a steel plate. 
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The most severe of these is Break Test No. 2. 

In the U.S.S.R. a cannon spraying coal dust in quantity of 6 kg by means of 
a small (50 g) explosive charge. Coal dust of 400 -600 g/m 3 is formed and the 
shot of the examined explosive is fired 2— 10 s after spraying the dust. 

The mechanism of the ignition of methane and coal-dust was summarized in 
diagram - Fig. 97 depicted by Cybulski (4] . 



1 1<» 97. Shock wave and products of detonation according to Cybulski ( 4 1 : 

(a) shock wave. (t>) gas products of detonation, (c) s;>lid particles of 

explosive. 

Here three elements arc shown of the projection from the mortar; 

1. Shockwave. 

2. Gas products of detonation, 

3. Particles of the explosive mixture: undecomposed explosive, sodium 
chloride, metal parts of the detonator. Some of them are projected in 
front of the shock wave. 

The necessity for standardization of gallery-tests as carried out in different 
countries has also arisen |109). Gorol and Sobala [110] drew attention to their 
observation that the results against methane— air was a better practical criterion 
of the safety of explosives than the test against coal-dust. 


Theory of Safety Against Methane and Coal-Dust 

* 

The theoretical aspect of inhibition of explosions of methane-air and coal 
dust-air is mainly regarded from the view point of the action of alkali metals 
in flame and particularly on the action of potassium ion [53-55] . 

Ashton and Hayhurst [56) rationalized it in terms of collisional ionization 
and recombination of electrons with alkali metal ions in fiame, for example: 

M +X -M + + c" + X. 

Where A' is a flame species. 
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disclosed catalyst. The m,ra,e was by 4% of un- 

initiation and propagation of M ° "! lr08en 0Xldes was favoured by inadequate 
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MG. 98. Rate of detonation of AN IO (with prilled and powdered AN) as 
a function of the proportion of Diesel oil diameter 14 cm 1 1 14) . 



FIG. 99. Rate of detonation of AN-FO as a function of bore-hole diameter 

(Schiele [58]). 
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EXPLOSIVE WORKING OF METALS 

A low rate of detonation is required for most operations connected with ex- 
plosive working of metals. It is usually achieved by mixing explosives marked for 
their ease of detonation (such as PETN, Cyclonite) with a relatively large quan- 
tity of such oxygen carriers as NaN0 3 , KN0 3 , Ba(N0 3 ) 2 . 

Plastic explosives are particularly suitable for tne working of metals. 

Most problems connected with explosive working of metals are outside the 
scope of the present book and the monograph ( 1 20) should be consulted. 

MINING EXPLOSIVES USED IN VARIOUS COUNTRIES 

Below arc listed mining explosives used in some countries which complete 

the list given in Vol. Ill, pp. 446-489. In addition to the list a separate group is 
described: 

Water gel (Slurries), p. 545. 

Bulgaria 

Bulgarian Permitted Explosives arc characterized by the presence of potas- 
sium sulphate as the agent giving safety to methane and coal-dust (68): Table 
85. 

TABLE 85. Bulgarian permitted explosive* 


f"" | P""enl» — Skalinil 1 Skalmil 2 

NH«NOj ' ~ 6 y ,. 

K NO s 6 * 

™ T 'is 

Charcoal . '? 

*»** 15 ,1 

Oxygen balance % +l 37 ' ” 

Heat of detonation (calculated) Kcal/kg 720 6S5 

Calculated temperature of explosion °C 2295 229 S 

Rate of detonation m/s 74 IS 

Lead block on* 3 “ 

Gap test cm 4 ~ , 


Germany (Vol. Ill, p. 455) 

German Permitted Explosives are, as before, divided into three classes. Their 
composition still remains undisclosed and the method of manufacture is kept 
secret. 

Two main groups of Permitted Explosives are known: those made by Vasag- 
chemie Synthen GmbH: Wetter-Devonit A. Wetter-Roburit B, Wetter-Salit A, 
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Wettcr-Securit C, Wettcr-Wasagit B, Wetter-Westphalit B, and made by Dynamit 
Nobel A.G.: Wettcr-Carbonit C, Wetter-Energit B, Wettcr-Nobelit B. 

Their properties are collected in Meyer Dictionary [69) . 

Great Britain (Vol. Ill, p. 461) 

Permitted explosives. The five groups of permitted explosives used in the 
U.K. are now called P explosives with numbers PI to P5. 

PI Explosives should pass the following test [7] 

(a) 26 shots fired of 142 g of explosive with inverse initiation, unstemmed 
should not give more than 13 ignitions of methane-air mixture 

(b) 5 shots fired of 795 g with direct initiation, stemmed, should not ignite 
methane air mixture 

(c) 5 shots fired of 795 g with direct initiation stemmed, should not ignite 
coal dust air mixture. 

Their power should not be larger than 58 66% of blasting gelatine [7|. 
Polar Ajax and Polar Viking arc typical representatives of this group of explos- 
ives (Vol. Ill, pp. 466 and 468 respectively). 

One more explosive PI should be mentioned: Hydrobel of the composition 
given in Table 86. 


TAIlLI 86. British permitted explosives 


Components 

Hydrobel 

(PI) 

hxplosives 

Umpruf 

<P3> 

Carrifrax 

<P4) 

NII4NO3 

20 

53 

III 

NjN0 3 

Liquid nitrate esters 

40 

8 

46.5 

9 

Nitrocellulose 

2 


— 

NaCI 

27 

29 


Nll 4 

— 


28 

BjS0 4 

9.5 

— 

— 

Combustible (e.g. wood meal) 

1 

9.5 

6 

Others (c.g hydrophobic compounds)' 

0.5 

0.5 

0.5 


P2 Explosives are sheathed explosives (Vol. Ill, p. 431). 

They have been almost entirely withdrawn owing to the danger of breakage 
of the sheath and therefore loss of safety. According to Fordham |7] they have 
been superseded by P3 explosives. 

P3 Explosives are so called Eg.S. explosives - Vol. Ill, p. 429. Currently these 
explosives should pass the following [7] test: 
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(a) 26 shots fired of 397 g with inverse initiation, unstemmed should not 
give more than 13 ignitions of methane-air mixture. 

) 5 shots fired of 1020 g with direct initiation stemmed should not give 
ignition of methane— air mixture. 

(C> 5 , 67 B Wi ' h i " VerSe ini,iaIion unstemmed should not give 

an ignition of coal dust-air mixture. 

Their power should not be higher than 42-50% of blasting gelatine Unieel 
p. 466) 8CX " e tyP ' CaI represtn,a,ives of ,his * r °u P of explosives (Vol. Ifi. 

One more explosive P3 should be mentioned: Unipruf (Tabic 86). 

.My ”' h M,y 

(а) as with P3 explosives, 

(б) inl!u S f ', red ° f maximu,n P ermitted charge weight in Bteak Test I 
should not give an ignition of methane- air mixture, 

26 shots arc fired in Break Test II in a gas mixture of 3.6% propane with 

air and mitogen which is more easily ignited than methane-air. Prelimin- 

d “ tcmune ,he mosl hazardous charge of explosive not exceed- 
mg .... / g. No more than 13 ignitions may occur. 

Brnlk T° f . m ar, a dge ° f 305 Cm long and 31 cm fired in 

Break lest III and no ignition should occur. 

Cam! rax is the typical explosive P4 (Table 86). 

1’5 Explosives are designed for blasting solid coal with millisecond delay 

occm 5 n 0, n II, ft 3re nr , Cd im ° "’ elha " e aU mixIU,e and no ’Ruifion should 

P “ ”'” d < w “ d •“ M •'» 


(c) 


(d) 


Italy 


Hainan mining explosives are described in the 
Sheffield and Kaye [70] . 

hour groups of explosives are listed. 


Encyclopedia by Eedoroff. 


(1) Mining explosives with nitroglycerine. These contain 43-77.5% nitroely- 
cerine with coHodion cotton (1. 5-5.0%) and oxygen cartiets: Nil, NO, . NaNO, 
ut KNO,. An exception exists with 7.0% nitroglycerine. 0.8% collodion cotton 

wood meT mUm PC ' ClllUrate ’ 32 ‘ 2% S0diUm ni,rale - l0% DNT - 5% TNT. 1% 

in gr0up consists of selatinous explosives with 82.5-92% nitroglycer- 

e an 5-8% collodion cotton. The former contains sodium nitrate (8 5%) 
and wood meal (3%). ' 1 
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1 (2) Mining explosives with 4-14% nitroglycerine, and O.J-1.5% collodion 

cotton. A characteristic feature is the presence of a large quantity of ammonium 
picrate: 51—89% and one of the mixtures has 65% cyclonite. 

(3) Mining explosives without nitroglycerine with ammonium nitrate and 
TNT. The aromatic nitro compounds are sometimes replaced with 10 -30% 
PETN or Cyclonite. The names are: Agcr, Vulcania. Vulcanite. 


(4) Mining explosives with ground smokeless powder. These are mainly balli- 
stite mixed with oxygen carriers, mainly ammonium nitrate. 


Novel Mining Explosives used in Poland 

As previously described (Vol. Ill, p. 475), mining explosives in Poland arc 
divided into four groups 

I. Rock explosives (wrapped in red paper) (Tables 85-87) 

II. C oal Explosives (Karbonits) (wrapped in blue paper) 

III. Permitted explosives (Barbarits, Metanits) (in yellowish paper) 

IV Permitted special explosives (Special Mctanits) (in yellowish paper with 
two black hands) (Tables 87-91). 


TABLE 87. AN -10 type Polish explosives 


Ingredients 

Salctiol A 

Amonit 
Skalny 1 II 

NII 4 NO 3 (prilled) 

94.5 

90 

Lubricating oil 

5.5 


Petroleum tar 


2 

Wood meal 

— 

8 

Oxygen balance %0 

0.0 

+ 0.06 

Lead block expansion cm 3 

205 

235 

Rate of detonation m/s 

3560 

2630 


According to their composition they are marked with letters: 

C - denotes the presence of glycol dinitrate (‘nitroglycol’), 

J - means that they are ion exchanging mixtures (Vol. Ill, p. 421) contain- 
ing Na + N0 3 + NIL; CP — Na + cr+NH 4 + N0 3 “ 

H - denotes hydrophobic properties of the ingredients, particularly that 
ammonium nitrate contains hydrophobic compounds, such as calcium stearate. 

Most of the explosives described overleaf were introduced between 1975 and 
1978. 




TABLE 88. Polish rock explosives (Amonits) 


Ingredients 

6 G 

Explosives: Amonit Skalny 
11 11 G 12GI1 

14 GH 

15 GH 

NH4NO3 

81 

85 

85 

81.4 

86.5 

82 

Nitroglycerine 

2 

5.5 

2.75 

3.5 

2.25 

2.88 

Nitroglycol 

2 


2.75 

3.5 

2.25 

2.87 

DNT 


1.5 

1.5 




TNT 

8 



4 



Petroleum tar 





1.8 

1.25 

Wood meal 

2 

7.5 

7.5 

2 

7.2 

4 

A1 

5 



5 


7 

Ca Stearate 


0.15* 


0.5 



Lubricating oil 


0.5 

0.5 




F«|Oj 




0.1 


— 

Oxygen balance %0 

+3.35 

-3.97 

+3.61 

*4.92 

+2.0 

*0.85 

Lead block expansion 
enr 

420 

330 

310 

370 

315 

400 

Rate of detonation m/s 

3030 

2480 

2000 

3000 

2600 

2800 

Gap test cm 

13 

9 

5 

14 

4 

8 


• Over 100% 


TABLE 90. Palish coal and permitted explosives 
(Karbonits and Metanits respectively) 


Ingredients 

Karbonit 

weglowy 

D6G 

Metanit powictrzny 
D5G W2A 

Metanit 

powietr/ny 
spccjalny J1 

NH4NO3 

77 

63.5 

56 


NaNOj 

— 

— 

— 

53.8 

Nitroglycerine 

4 

2 

2.5 

7.8 

Nitroglycol 


2 

2.5 

2.2 

DNT 

5 

3.5 

3 

— 

Wood meal 

3.5 

3 

4 

2.2 

NaCI 

10.5 

26 

25 

-* 

NH4CI 


— 

7 

34 

Soot 

Dyestuff 

0.1* 


0.1 


Oxygen balance %0 

+5.3 

*4.96 

*0.4 

+7.55 

Lead block expansion cni 

265 

200 

180 

IOO 

Rate of detonation m/s 

2150 

2035 

190(1 

1 700 

Gap test cm 

7 

4 6 

3 

5 


• Over 1009?. 




TABLE 89. Polish rock explosives (Dynamites) TABLE 91. Polish permitted explosives (Dynamite type) 


Ingredients 

3GI12 

Dynamit Skalny 
5 G 1 5G3 

8 Gil \ 

Ingredients 

FGH 

Barbarit 

i gu 2 

KG 

NH 4 NO, 

4 7.9 

50 

50 

47.4 

NH4NO3 

14.2 

12.2 

15 

NaN0 3 

— 

14.8 

15.5 


NaNOj 


— 

15 

Nitroglycerine 

22.5 

11 

11.5 

22.5 

Nitroglycerine 

26.5 

28 

11 

Nitroglycol 

22.5 

11 

11.5 

22.5 

Nitroglycol 

7.5 

5 

11 

DNT 

2 

4 

10 

2 

Centralit II 

0.5 

0.5 

— 

TNT 

— 

7 


— 

Collodion cotton 

1 

1 

0.4 

Collodion cotton 

2 

0.8 

1.0 

2 

NaCl 

40 

43 

34.5 

Wood meal 

3 

1 

0.5 

3 

NH4CI 



10 

Ca Stearate 


♦ 


05 1 

BaS0 4 

10 

10 

0.5 

Glycol 


0.3 



CaC0 3 

0.3 

0.3 

— 

*203 

0.1 

0.1 


0.1 

n 2 o 

— 

— 

0.6 

Oxygen balance %0 

+3.5 

+5.87 

+5.3 

*-2 02 

Oxygen balance 

+2.15 

+1.8 

+3.56 

Lead block expansion cm 

430 

320 

320 

420 

Lead block cm 3 

175 

160 

150 

Rate of detonation m/s 

2370 

2120 

2800 

2200 

Rate of detonation m/s 

2250 

2000 

2150 

Gap test cm 

7 

6 

8 

11 

Gap test cm 

12 

4-5 

4-5 
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Spain 

According to Fedoroff and Sheffield [71] original types of explosives were 
developed during World War II by Ottaolauruchi: Esplosivo F.E.l, F.E.2 and 
F.E.3. 

They were composed of 65-70% NH4NO3, 17-25% TNT and 10-15% 
Na 2 HP(V7H 2 0. 

Sweden 

A few' AN-FO Type explosives used in Sweden are given in Table 92 [67) . 


TABLE 92. AN - FO explosives used in Sweden (671 


Components 

AN-FO-O 

AF-FO 2 

AN FO 4 

AN-FO 8 

NIUNO, 

94.5 

92.9 

91.4 

88.2 

1 ucl Oil 

5.5 

5.1 

4.6 

3.8 

Al 


2.0 

4.0 

8.0 


U.S.S.R. Mining Explosives / 6/ 

Mining explosives in U.S.S.R. arc divided into six groups. 

I. For open cast work: Akvatols. Igdanit (AN-FO), TNT, TNT + Al 
(Table 93). 

II. l or open-cast and underground work, where no dangerous coal-dust and 
methane are present (Tables 94, 95). 

III. Permitted explosives safe to methane but not for coa! mines. (Table 96). 

IV. Permitted explosives safe to methane and coal-dust (Table 96). 

V. High safety permitted explosives (Table 97). 

VI. Highest safety permitted explosives in particularly dangerous coalmines 
(Table 97). 

Ammonits and ammonals. These arc used in cartridges of 32 and 90 inm dia- 
meter. Most popular is Ammonit 6Zh V with ammonium nitrate protected by 
fatty acids and iron salts. 

Some of the most popular compositions are given in Table 94. 

The density of the explosives is comprised between 0.95 and 1.15 Ammonit 
Skalnyi No. 1 is also manufactured in compressed cartridges of density 1.43- 
1.53. 

A modification of Ammonits are Zernogranulits. They contain ammonium 
nitrate in prills mixed with molten TNT. Those with a negative oxygen balance 
are used obviously in open-cast work only. Thanks to a high TNT content they 
are relatively hydrophobic. Some of Zernogranulits are described in Table 95. 


5 
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Dynarr.on 


Granulit 


Igdanit 


AM-10 

AC-8 

AC-4 

C-2 

nh 4 no 3 

87.7 

89 

91.8 

92.8 

94.5 

Mineral Oil 

2.3 

— 

— 

— 

— 

Diesel Oil 

— 

3 

4.2 

4.2 

5.5 

Al 

10 

8 

4 

— 

— 

Wood meal 

— 

• 

— 

3 


Oxygen balance %0 
Heat of detonation 

+0.25 

40.34 

40.41 

40.06 

40.14 

kcal/kg 

Volume of gases 

1295 

1240 

1080 

915 

920 

I'kg 

800 

845 

910 

985 

980 

Lead block cm 3 

425 460 

410-430 

390-410 

320-330 

320-330 

Rate of detonation 
m/s = 1-1.3 
40 mm dia. in steel 
10 g booster 
Gap test cm 

4100 4300 

3000-3600 

2600-3200 

2400 3200 

2200 2800 

dia. 32 mm 

2-3 





40 

5-8 





90 

25 -30 





100 


0-4 

0-2 



Moisture %-ll 2 0 






in open pit 


5 

3 

5 


underground 


2-3 

1-2 

2-3 



Dyrumon AM-8 differ' from Dynamon AM 10 by a lower aluminium and higher 
mineral oil content: 8% and 3% respectively. 


The density is comprised between 0.80 and 0.95. 

Permitted explosives are described in Tables 96 and 97. 

Detonits and dynamites. Detonits ate rock explosives used in the U.S.S.R. 
which contain 6-15% nitroglycerine and nitroglycol. Particularly popular is 
Detonit M of the composition: 

NIL, NO, mark ZhV 78% 

(hydrophobic) 

Low freezing nitrate esters 10% 

Collodion cotton 0.3% 

Al 10.7% and 

Ca or Zn stearate in addition (over 100%) — 1%. 

Oxygen balance is +0.18%, lead block expansion 460-500 cm 2 , rave of deton- 
ation in cartridges of 
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TABLE 94. Arr.momum nitrate explosives in U.S.S.R. [61 






Ammonit 

Skalnyi 

Components 

Ammonits 

Ammonal 

Skalnyi 

(rock) 

No. 6 ZhV 

No lOZ.hV 

VA-4 

(rock) 

Ammonal 





No. 1 

No. 3 

nh 4 no. ( 

(hydrophobic) 

79 

85 

80.5 

66 

72 

TNT 

21 

8 

15 

5 

5 

Wood meal 


7 



Al 

— 


4.5 

5 

8 

Cyclonitc 



24 

15 

Oxygen balance %0 
Lead block 

0 42% 
360 3 SO 

+1.53% 

40 18 

0 79 

-0 78 

expansion cm 3 

300-320 

410-4 30 

450 480 

450-470 

Rate of detonation 
m/s 

Critical diameter 

3600 4800 
10 13 

3200 3600 

4000 4500 

480!) 5300 

4000 4500 

in open m/m 
Gap test cm for 

15-20 

12 14 

5-6 

8-10 

3-6 

diameter 32 mm 

2-5 

5 8 

10 14 

8-12 


TAM. I 95. Zernogjanulits and Grammoiuk in U.S.S.R. ( 6 ) 


Components 

79/21 


/.emogranuhts 

Gramm. mals 

30/70 

50/50 V 

30/70 V 

A - 8 

A -45 

NH 4 NO 3 

79 

30 

50 

30 

80 

40 

TNT 

21 

70 

50 

70 

12 

45 

Al 

— 


MB 


8 

15 

Oxygon 

balance %0 
Lead block 

+ 0.02 

-0 45 

27.15 

-45.9 

0.24 

- 38 65 

expansion 

cm 3 

360-370 

330-340 

340-350 

330-340 

420 440 

440 -460 

Rate of de- 







tonation 3000-3600 


3600 4200 

3800 4500 

3800-4000 

5800 6300 


m/s 

Critical 

diameter 50-60 40-60 40 50 40-60 30-40 60-80 


in open mm 
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Components 

Ammonit 
AP 4 ZhV 

Class III 
Ammunit 
AP— 5ZhV 

Pobedit 

VP-4 

Class IV 
Ammonit 

PZhV-20 T-19 

Ammonium nitrate 

68 

70 




ZhV 

65.5 

64 

61 

TNT 

Nitrate esters 

17 

18 

12 

9 

16 

19 

Wood meal 

— 


1.5 



NaCI or <KCI) 

15 

12 

12 

20 

20 

Oxygen balance %0 
Lead block 

+0.45 

+0 16 

+0.48 

+0.4 

-2.47 

expansion cm 3 

285 300 

320-330 

320 340 

265 280 

270-280 

Kate of deton 

.lion m/s JMO «-’00 

3600 4600 

3800 4600 

3500-1000 

3600 4300 

Gap test: 

cm diameter 

5-10 

5-10 

6-25 

5 10 

5-10 

36 mm dia- 

meter after 1 hr 
in water 

4-6 

4-7 

5-20 

4 7 

2-4 


IXnsity 1.0 1.2. 

Iliey do not ignite methane when 600 g Tired with stemming of I cm. 

Class l \ : in addition they do not ignite coal dus: when 700 g tired without stemming. 


- 

t 


F 


TABLE 97. Permitted. C lass V and VI [ 6 J 


Components 

Uglenit 
E - 6 

Class V 
Selcctit 
granulated 

Uglenit 
No. 5 

NH 4 NOa Zh V 


66.5 

14 

NaNOj or (KN 0 3 ) 

46.3 



Nitrate esters 

14.2 

10 

10 

Wood meal 

2.5 

8.5 

1 

NaClor(KCI) 

(7) 

15 

75 

NH 4 CI 

29 



Stearates 

1 

• 


Diatom itc or PCV 


— 

— 

Oxygen balance %0 
• _ ^ 

+0.53 

- 0.2 

+0.13 

Lead block expansion cm 

130-170 

220-240 

60-90 

Kate of detonation m/s 

1900-2200 

1800-2000 

1750-1900 

Gap test- cm diameter 
36 mrn 

5-10 

5-7 

3-10 


Class VI 
Uglenit 
No. 7 


(57) 

10 

2 

30 

1 

+4.94 

100-120 

1600-1800 

3-10 


They do not Ignite methane when the cartridge of 200 g of Uglenit E 6 or Selcctit is 
suspended in experimental gallery. 

The same with cartridges of: Uglenit No. 5 (500 g) and Uglenit No. 7 (1000). 
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24 mm diameter 3900-4300 m/s 
32 mm diameter 4800 -5000 m/s. 

Critical diameter (in open) 8-10 mm 
Gap test : 24 mm diameter 6- 1 2 cm and 
32 mm diameter 16-22 cm. 

After keeping under water the figures are 4-8 cm and 10 15 cm respectively. 
Density 1.1 -1.3. 

Dynamites which contain a higher proportion of nitrate esters, for example 
62% are very little used in U.S.S.R. and form only 0.2-0.3% of the total pro- 
duction of explosives. The main objection is low shelf life and misfiring which 
have produced a number of accidents. 

Permitted in Sulphur Mines and Oil Fields 

In sulphur mines Sulphur Ammonit No. 1 ZhV and in oil fields Neftyanoi 
Ammonit No. 3 are used. Their properties were given in Vol. III. pp. 48K 489 
and the composition is given below (Table 98). 


TABLE 98 16) 


Components 

Sulphur Amir.onit 
No. 1 ZhV 

Neftyanoi Ammonit 
No. 3 

NH 4 NO 3 , ZhV 

52 

52.5 

TNT* 

11.5 

7 

Nitrate esters 

5 

9 

Wood meal 

1.5 

— 

KCI 

_ 

30 

NI! 4 CI 

30 

«■> 

Stearates 

— 

1.5 

Oxygen balance %0 

- 1.0 

-0.7 

Lead block expansion cm 3 

200-220 

220-240 

Rate of detonation m/s 

2500-3000 

2800-3200 

Gap test: cm 

5-10 

3-7 

after storage in water for 

1 hour 3-7 

2-5 

Ignition lest in an 

400 g in a mortar docs not 

400 g in a mortar docs not 

experimental gallery 

ignite sulphur dust suspension 

ignite methane with petro- 
leum vapour 


Modem Japanese Mining Explosives [•] (Vol. Ill, p. 468). 

Recent information about some Japanese mining explosives are given in 
Tables 99- 104. 
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TABLE: 99. Rock explosives 





Fix plosives 



Ingredients 

Sakura 

Tokugiti 

No. 3 Kiri 

No. 2 Enoki 

Akatsukit 


dynamite 

dynamite 

dynamite 

dynamite 

dynamite 

Nitroglycerine/nitro- 






glycol mixture 
60/40 gelatinized 
with nitrocellulose 

4B-55 

35-54 

18-24 

20-27 

5 20 

Nitro Compounds 



0-9 


0-10 

(DNT, DNX, TNT) 
NH 4 NO 3 and sodium 



y 



and potassium 
nitrate 

34-42 

39 60 

65-75 

50-72 

60-85 

Sawdust 

R - 1 2 

2-8 

1-11 

4 8 

1-5 

Properties 

Density 

1.45-1 55 

1 40-1.50 

1.30 1.45 

1.30-1.45 

1 25 1.45 

a 

Lead block nn 

320 360 

430 480 

380-430 

270 430 

370-430 

Detonation velocity 
m/» 

Gap lest 

5500-6100 

6500 7200 

5500-6500 

5800 6500 

5000 5500 

(as the multiple 
of charge dia- 

5-7 

6-8 

4-6 

4 6 

2 6 


meter) 


t For open-pit work 

• According lo: Kogyo Kayaku Handbook, The Industrial Explosives Society of Japan, 
Tokyo, 1977, Makoto Kimuia, Sumitomo Corporation in Tokyo, and K Yamamoto of 
Nippon Kayaku Co Lid. 


TABU 100 Japanese permitted explosives containing nitrate esters 

(more than 7%) 




Explosives 


Ingredients 

No. 1 Toku-Ume 

No. 3 Shiza-Ume 

No. 3 Toku- 

EqS 


dynamite 

dynamite 

Shirauine 

dynamite 

Bakuyaku 

Nitrate esters 
(as in Table 99) 

18-23 

18 7 

18 20 

9-12 

Nitro Compounds 

A W 

3.0 



(as in Table 99) 
Inorganic nitrates 

«♦— O 




(ammonium, sodium 
potassium) 

50-55 

49.5 

50-46 

50-55 

Sawdust 

1-3 

3.8 

2-4 

5-10 

Sodium chloride 

20-26 

25.0 

25-27 

30-34 

Properties 

Density 

1.35 

1.40 

1.35 1.45 

0.95-1.05 

Lead block cir . 3 

290-310 

280-300 

300 320 

170-230 

Detonation velocity m/s 

5500-6000 

5500-6000 

5500-5800 

2700-3300 

Gap test (as in Table 99) 

5-7 

5-7 

5-7 

3-6 


I 
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TABLE 101. Japanese permitted explosives containing less than 7% 

of or no nitrate esters 


Ingredients 

No. 5 Shouan* 
Bakuyaku 

G Shouan- 
Bakuyaku 

Explosives 
No. 105 Shouar 
Bakuyaku 

i- No. 2 Kurotaka 
Shouan- 
Bakuyaku 

EqS-1 

Bakuyaku 

Nitrate esters 
(as in 


6.2 

5-6 



Table 99) 
Nitro Com- 
pounds 
(as in 

5-8 



4-6 

5-7 

Table 99) 
Inorganic 
nitrates 
(as in 

75-80 

69.8 

67-73 

76-80 

63-71 

Table 99) 
Sawdust 

4-6 

9.0 

6-11 

4-7 

10-14 

Sodium chloride II 13 

15.0 

14 16 

4-7 

25 30 

Properties 

Density 

1.0 

1.0 

0 95 -1.05 

1.0 

1.0 

1 cad block 
cm 3 

270-290 

2 80 -3(H) 

280 -300 

270-290 

205 215 

Detonation 

velocity 

m/s 

4500 5000 

3300 3800 

3400 3600 

4500-5000 

3000 35 00 

Gap test 

2-4 

3-5 

3-5 

>2 

>2 

(Table 99) 





TABLE 102. Japanese perchlorate explosives 
(Vol. III. p. 474. Tabic 136) 


Ingredients 


Ammonium perchlorate 
Nitro Compounds 
Inorganic Nitrates 
Sawdust 
I'erro-Silicon 

Properties 

Density 

Lead block cm 3 
Detonation velocity m/s 
Gap test (Table 99) 



Carlit Explosives 

1 ” 

No. 5 Kuro 

Akatsuki 

Ao 

Carlit 

Carlit 

Carlit 

73-78 

22 27 

17-22 

- 

2-7 

2-7 

- 

60 70 

60-70 

6-11 

8-13 

8-13 

13-18 

2-7 

2-7 

1.10-1.15 

1.10-1.15 

1.05-1.10 

440-470 

390-440 

380-440 

4000-4500 

4000-4500 

3700-4200 

4-6 

3-5 

3-5 
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TABLE 103. Miscellaneous Japanese commercial explosives 


Ingredients 

Urbanite 

Explosives 
Dai Happa 

Akatsuki 



yo Bakuyaku 

Bakuyaku 

Nitrate esters 

50-54 

5 7 


Nitro compounds 

2-6 

10-15 

6-8 

Inorganic nitrates 

36-44 

75 78 * 

81 84 

Sawdust 

Al 

2-6 

3-6 

6-8 

2 4 

Properties 

Density 

1.30-1.40 

0.98 

1 0 

Lead block cm 3 

420 470 

380- 400 

380- -400 

Detonation velocity m/s 

2000-2500 

3800- 4300 

4100 4600 

Gap test (Table 99) 

6-8 


2-3 

Used in 

Urban blasting 

Large blasting 

Open pit 


TAHLI 

104 Japanese ‘TNT commercial' explosives 


Ingredients 

No. 2 Kolizumitc 

Explosives 



No. ! 2 Kolizumitc No 

31 A Koh/.umite* 

TNT 

15 30 

6-15 

100 

RDX 

0-10 

11-20 

Inorganic Nitrates 

50 80 

43-85 


Ammonium perchlorate 

0-8 


Al 

0-5 

0 6 


Sawdust 

0-15 

1-3 


Propertict 

Density 

1.10 

1.03 

1.12 

310 3 SO 

Lead block cm 3 

450 480 

380-400 

Del on it ion velocity m/s 

5300-5500 

4800-5000 

5500-5600 

Gap test (Tabic 99) 

5 6 

4-5 



• For open pit work. 


Belgium 

The composition of typical permitted explosives made in Belgium are given 
overlea: (Table 105), according to Goffart and Waterlot [119). The explosives 
belong to ion exchange group with potassium or sodium nitrate and ammonium 
chloride. 




1 : 


|j| Abel as early as 1874 [75|, Kast [76] and T. Urbariski el at. [77, 78] proved 
♦Sfe.' * hat ,l,e presence of wafer in high explosives increased the rate of detonation 
rt ( * CC Fi *’ 43 and Tab,es ™ a "<« 62). This found limited practical application in 
fijfw thc u * c nitrocellulose with water in demolition cartridges |75, 76]. Streng 
■'% and Kirshcnbaum l 7 ^] obtained a patent for an explosive composed of am- 
Kft. mc J nium ni,ralc aqueous solution with aluminium powder. In Sweden Wctter- 
holn, ct al. (80] obtained a patent in 1957 which claimed: ‘an oxygen balanced 
B; P * stlc Mfc| y ^xplosi%-c characterized by its main ingredients being 20 45a of 
HI 3 velocity, high brisant explosive, oxygen delivering inorganic salts mixed 
^ a ot wa,e r and a hydrophilic colloid with an amount of water between 3- 
ThC CXpIosive ‘Securit’ contained 34% DiTEU OV,A'-bis-0, 0, 0-trinitro- 
^C hy) Urea < Cha P ter v »l. p. 247) 54% NII4NO3 and Ca(N0 3 ) 2 , 0.8% rice 
r *™’ 5-2% glycol and 6.5% water. Tlie explosive showed the rate of detonation 

n 1 1 Ml ... . r it 


PMfi 
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TABLE 105. 


Components 


Nitroglycerine and 
Nitroglycol 
KN0 3 
Na N0 3 
NH 4 CI 

Ammonium Oxalate 
Hydrophobic compounds 
Calcium stearate 
Guhr 
Cellulose 


Oxygen balance %0 



Explosives 


Charbrite 

Charbrite 

Kempoxite I 

418 

4/50 

9.5 

9.5 

12.0 

58.25 

55.25 


— 

— 

48.0 

30.0 

28.0 

30.3 

— 

5 

6.5 

2.25 

2.25 


— 

— 

0.35 

— 

— 

2.0 


— 

0.7 


+5.5% 

■N.3% 


WATER-GEL (SLURRY) EXPLOSIVES 

The last twenty years have shown a rapid increase in thc use of Water-gel 
(Slurry) Explosives in commercial explosives. 

I he consumption 01 2*5 millions of pounds in 1958 grew to over 460 and 
400 millions of pounds in 1979 and 1980 respectively [10] in the U.S.A. They 
were originally used in metal mining (iron-ore open-pit operations) on a large 
scale, and until now metal mining, quarrying and non-metal mining remain thc 
main consumers of water- gel explosives. 

I wo excellent reviews have appeared: on thc earlier history (72, 73) and 
recent development of slurry (water gel) explosives [74] . 

History 


? v ...v me idic ui uaonauou 

^ f . m/S * ga P ,cst °* diameter, 25 mm was 4-5 cm. critical diameter in a glass 
ube was 1 1 mm. Industrial manufart lirp nnt fiiinilorl / 1 


t . was 1 1 mm - Industrial manufacture was not fulfilled (1950) owing to the 
hitroduction of the successful AN-FO explosives. 
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On the contrary, in the United States the ‘slurry- explosives’ developed by 
Cook [81, 82] and tested in the Iron Ore Co., in Canada in 1957 was quickly 
accepted in open pit work. The original composition by Cook and Farnam [81] 
was 25% coarse TNT, 55% NH4NO3 or NH4NO3 (35-45%) and NaN0 3 (10- 
20%) 20% H,0 with added guai gum as a thickening agent. The addition of the 
thickening agent was a considerable improvement as it prevented segregation of 
the ingredients. Guar gum is a polysaccharide: galacto-mannan (83] . 

Also another patent appeared at the same time by Mardel and Bjork |84] 
who used aluminium powder as a sensitizer (instead of TNT). 

It w-as soon recognized that the presence of tiny air-bubbles in the slurry was 
a very good sensitizer. The bubbles adhere to TNT particles or Al powder and 
help detonation by creating hot spots by adiabatic compression. 

Another kind of early slurry was that developed by Gehrig of Atlas Chemi- 
cal Industries [85]. It consisted of a saturated solution of ammonium nitrate 
in nitric acid of 60-70% IIN0 3 and some organic substances which arc not 
attacked by nitric acid, for example, vinyl polymers. However handling of the 
solution with nitric acid is difficult and can be dangerous. A fire occurred in a 
factory in Rourkela (India) in 1972 through spilling nitric acid slurry on wooden 
boards [86] . 

The advantages of slurry explosives were summarized by Mahadevan |74| as 
below: 

1. By dissolution, water brings the ingredients into close contact with each 
other. 

2. It provides a continuous medium through which a detonation wave passes. 

3. It desensitizes the explosive against fire, sparks, impact and friction there- 
by decreasing hazards associated with storage and handling. 

4. Water is believed to increase thc energy of the explosive by taking part in 
the reaction at the time of explosion especially when Al is present in the 
composition. 

5. It affects the products of detonation and suppresses the formation of toxic 
gases: carbon monoxide and oxides of nitrogen. 

6. It has a pronounced effect on thc ‘Coke Oven’ reaction 2 CO C + C0 2 
which is very important in preventing dissociation of energetic products of 
detonation such as H a O and C0 2 .• 

7. Low percentage of water presents problems on storage: the explosive be- 
comes hard and grainy due to the crystallization of inorganic oxidizer salts 
on thc contrary a higher percentage of water decreases the sensitivity as 
well as the strength. According to Cook, 1% increase in water lowers thc 
strength of the slurry by ca. 1.7%. Tlius an optimum percentage of water is 
in the range of 8-20%. 

9. Water acts as a coolant and offers a perspective of using water-gel explos- 
ives in underground gassy coal mines. 


•: 
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Cross-linking Agents 

One of the draw-backs of early compositions was the low- viscosity of the solu- 
tion and hence the ease of segregation and loss of air-bubbles. A deterioration in 
performance was observed on storage. A significant achievement consisted in 
incrcasmg the viscosity of guar gum by adding cross-linking gel forming agents. 

Ihe first cross-linking agents were borax and other boron compounds, anti- 
mony compounds c.g. ammonium pyroantimonate, potassium antimony tar- 
trate followed by adding a dichromate, that is oxidation of trivalent to pcnta- 
valent antimony was found to give an efficient cross-linking agent [74) . 

Semi-synthetic and synthetic polymers are also used as thickening agents. Such 
are carboxymethyl cellulose |87, 6) and polyacrylamide |73) respectively. 

Surface Active and Emulsifying Agents 

Surface active agents (surfactants) improve the dispersion of ingredients and 
consistency of slurry. According to Hiroshi ctal. [88) by adding small amounts 
of alkali metal salts of alkyldiphenyl ether disulphonic acid a slurry explosive 
was obtained which can be initiated with a No. 6 cap without adding sensitizers. 
Also alkali metal salts of sulphuric acid esters of higher aliphatic alcohols, of 
aromatic sulphonic acids are good surfactants and improve the detonability of 
slurry explosives. Sorbitol monooleate was recommended 1 74) as the emulsifier. 

Oxygen Carriers 

In addition ammonium nitrate, sodium nitrate and calcium nitrate are added 
to slurry explosives. A mixture of calcium nitrate and sulphur [89) seems to be 
particularly efficient. Calcium nitrate makes slurry more resistant to low tem- 
perature and the explosive can withstand the temperature of -12°C Am- 
monium perchlorate can also be used |72) , but does not seem to get a wider 
application. 


Aluminium 




The addition of aluminium powder in a form of foil. Hakes or granules can 
niake slurry without nitro compounds. The patent by Davis, Fassnacht, Kirst 
and Noran [90) gives slurry explosives composed of ammonium and sodium 
nnrate, aluminium and water. An emulsifier is added to help the presence of air 
ubbles. The tact that aluminium can react with the strongly oxidizing ingre- 
dients of the explosive mixture can be dangerous. 

Aluminium in the presence of water in a strongly oxidizing medium can make 
e explosive deteriorate and also create danger through heating and gassing. To 
av oid the reaction of aluminium coating is recommended of A1 particles, with 
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stearic, palmitic and oleic acids [74). Flakes and dust of aluminium posed 
handling problems as it resists wetting of aqueous medium. Mahadevan and 
Varadarajan [91 ) solved the problem by wetting aluminium with ethylene glycol 
and adding such paste to the mixture. 


A iky lam ine Nitra tes 

A number of patents (e.g. by Dunglinson [92)) disclosed that by adding 
alkylamine nitrates to slurry a great increase in sensitivity could be achieved. Par- 
ticularly efficient is metl.yiamine nitrate, as disclosed by Frederic [93) and at 
present Du Pont Co. and I.C.I. are using methylamine nitrate as an ingredient of 
their slurry explosives [74). Du Pont issued the explosive under the trade name 
‘Tovex’ [73). Methylamine nitrate is made by reacting methylamine with con- 
centrated nitric acid (667c) free of nitrous acid (Vol. II, p. 465). It is important 
that nitric acid is free of nitric oxides which would give side reactions (e.g. diazo- 
tization) of methylamine. 

There are no remaining problems in formulating water- gels which will per- 
fonn well in any construction or mining operations under all climatic conditions. 
Although water-gels are not cheaper than NG-based explosives, manufacturers 
and customers prefer to use these explosives because of lesser hazards involved in 
manufacture, storage, transportation and handling. 

The slurries can be 'tailor made' to suit individual stratc conditions, thus 
enabling maximum burden to be achieved with the best fragmentation resulting 
in the reduction of the overall cost of mining. Maximum coupling and hence 
maximum utilization of energy released to break the rock can be achieved by 
using water gels especially pourables. At present the only advantage of NG- 
based explosives is their greater shelf-life as compared to slurries. To a greater ot 
smaller extent, water- gels have replaced NG-based explosives. The present 
trends indicate that the former may replace the latter. 

Compositions of a lew slurry explosives in different countries are given in 
Tables 106 -109. 

In Germany Wasag Chemic Sythen G.m.b.H. factories arc producing Wasage I 
explosives with 1 2% or more water. Mark IK is a non-freezing gel. 

Dynamit Nobel AG arc making Dynagel mark 1, 2, 3, PI and P2. All the 
above explosives are with negative oxygen balance and can be used for open-cast 
work only. For their properties - sec Meyer [69] . 

Slurry’ explosives for open-cast work in U.S.S.R. comprise also granulated 
TNT (‘Granuloto!') and a granulated mixture of TNT with 15% A1 (‘Alumotol’). 

Table 108 gives a comparison of the properties of Granulotol dry and with 
water. 

The heat of detonation of ‘Alumotol’ is by ca. 35% higher than of ‘Granu- 
lotol’ and so is lead block expansion. 
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TABLE 106. Watei-gcl blasting agent (SBA) and Slurry Explosives (SE) 

made in U.S.A. 172] 


Components 

SBA Al 

SE 

SE 

NII4NO3 \ 
NaNOj / 

49 

39 

— 

NaC10 4 



39 

Al 

35 

25 

25 

h 2 o 

15 

15 

15 

Thickener 

1 

1 

1 

Density 

1.45 

1.60 

1.88 

Relative crater volume 

1.22 

1.22 

1.73 

(TNT/A 1 80/20 » 1) 





4 


TABI 1 107. Water-gel (slurry) explosives made by l).i Pont of Canada 1 73 1 

Components 

Tovcx 20 

Trade 
Tovex 40 

Names 
Tovex A-4 

Tovan 30 

TNT 

20 

40 

20 


NH 4 NOj 

49 

27 

37 

48 

NaNOj 

12 

15 

10 

15 

Al 



15 

15 

Water 

15 

15 

(granules) 

15 

(flake) 

17 

Other 

4 

3 

3 

5 

(Thickening, surface active 
agents etc.) 

Properties 

Density 

1.40 

1.40 

1.42 

1.27 

Rate of detonation V m/s 

unconfined. 5 in. ilia 

4600 

5500 

4730 


Confined in steel 5 in. dia 

4680 

5865 

5350 


Calculated: V rn/s 

5000 

5850 

5500 

5000 

Heat of explosion keal/kg 

760 

780 

1125 

1210 

Gas volume 1/kg 

830 

850 

740 

670 


Japanese slurry explosives are all based on Du Pont, Hercules or IRECO 
Chemicals. 

Sunvex 100 A, 200 and 220 contain methylamine nitrate. Energel MA-7 con- 
tains ethanolamine mononitrate. IRECO explosives are sensitized with Al. 

The following are slurry explosives used in Sweden [67] : Reomcx A (alumin- 
ized and methyl nitrate sensitized), Reomex B (methyl nitrate sensitized) and 
Reolit C (TNT sensitized) gels. Their oxygen balance is -0.35, +1.43 and —1.75 
respectively, and the rate of detonation 4000-5000 m/s, however no exact com- 
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TABLE 108. Akvatols. Akvanals and Akvanits 
(Slurry explosives used in U.S.S R. (6) ) 


Components 

65/35 

All 

Akvatol 

MG 

M- -15 

Akvanal 
No. 1 

2 

Akvanit 

3L 

16 

NH4NO3 

NaNO, 

63 

51 

26.5 

20 

58.5 

57 

44.2 

25.5 

53 

Ca(NOj) 

TNI 

Cyclonitc 

Al 

Alurnatol 75/25 

34 

28 

40 

25 

w 

15 

10 

20 

5 

7.4 

5 

35 

32 

30 

10 

29 

Na-carboxy* 








niethykclijlosc 

Borax 

3 



1.5 

0.02 - 0.04* 

1.0 

l.l 

0.5 

1.0 

Polyacrylamide 


2 






Guar gum 
Mineral Jelly 

•• 


1.5 



0.8 

6.5 


— 

Water 

Antifreeze 

15* 

14 

5 

12 

15* 

6 

12 

6 

Sulphite 









cellulose 

extract 



— 


1.0 





V/TC* 

uT k ?r si ! n °! J ,,C abovc c *P |osiv * « horn 310 cm 3 (Akvanit No. I ) to 480 
cm (M- 15) and the rate of detonation is 4500 5500 m/s The density: 1.30-1.55. 


TABLE 109. Properties of dry and slurried TNT 
(U.S.S. R.) I6J 



Dry 

Slurried 

Heat of detonation kcal/kg 

825-870 

1000 

Volume of gases 1/kg 

745 

895 

Lead block expansion cm 3 

285-295 

320 

Rate of detonation m/s 

4500-5000 

5500-5700 

Critical diameter mm in open 

60-80 



position was given. Methylamine nitrate is a very good sensitizer of slurry ex- 

, P < m. eS ^ ' lng , t0 ,hiS faC ' T - U,hari ^ suggested, and took par. in, developing 
at IDL Chemicals Ltd, Hyderabad, India [04] the manufacture of methylamine 
m ra c by the Plochl reaction, that is, by reacting ammonium nitrate solution 
with formaldehyde. A small proportion of dimethylamine and a still smaller 
proportion of trimethylamine nitrate is produced in this reaction, and the te- 
at ton requires special conditions because it occurs in an oxidizing medium of 
ammonium nitrate. 

Relatively recent information [ 1 1 2] is that Du Pont de Nemours stopped its 
dynamite manufacture at the end of 1976. Dynamites have been replaced by 
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cartridges of ‘Tovex’ explosives with amine nitrate sensitizer and without nitro- 
glycerine. 

Although methylamine nitrate was considered to be a relatively safe and - 
in addition is present in an aqueous solution precautions should be taken with 
regards to the problem of safety of handling the solution. The explosion of two 
tank cars loaded with 86% solution of methylamine nitrate occurred in Potomac 
River (U.S.A.) in 1976. The explosion was probably due to friction in a pump 
[861. An important paper bv Persson, Jerberyd and Almgrcn |11 1] established 
that methylamine nitrate slurry explosives of the Swedish, type of pumpable 
water gel (Bulkreomex) could decompose when piston velocity increased above 
20 m/s. 

Gas Hubbles 

The role of gas bubbles in explosives has already been discussed (pp. 298, 547). 
Goffart [96] described the importar.ee of gas bubbles which increase the cup 
sensitivity of slurry explosives containing aluminium dust. However, the pre- 
sence of gas bubbles of course reduces the density mu subsequently the rate of 
detonation, for example a density of 1.33 falls to 0.83 and the rate of deton- 
ation from 3600 rn/s to 2710 m/s (for a diameter of 36 nun). 

'I he critical diameter of slurry explosives was determined by Michot and 
Bigourd [97 ) . The smallest critical diameter (22 mm) is shown by slurry with A1 
(density 0.95) and with methylamine nitrate (density 1.00). Also t ie method of 
determining the critical diameter has been given [98) . 

Hermit ted Slurries 

Van Dolah, Hay ct a\. [99, 100) developed permitted slurry explosives with 
sodium chloride. Mahudcvan [10! ] studied the stability and performance of per- 
missible slurries, and Mahadevan and Varadarajan [91 1 described the commer- 
cial production of permitted slurries of small diameter cartridges. 

Slurries with High Explosives 

TNT was a common ingredient of slurry explosives or the ‘Tovex’ type made 
by Du Pont of Canada (see Table 107) [73). PETN r.r.d RDX slurries were 
developed by T. Urbanski [95 ). The method consisted in dissolving pentaery- 
thritol and hexamethylenetetramine in nitric acid (c. 1.50) and neutralizing 
with ammonia or ammonium carbonate the solution containing some suspended 
PETN and RDX. A solution of ammonium nitrate in water with suspension of 
the above explosives resulted. 

There is however a tendency to avoid incorporating typical high explosives 
to slurries owing to their high cost and sensitivity to impact and friction. 
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Ethylene glycol mononitrate was in use in Canada and an accident occurred in 
Belocil in 1975 [S6J . As glycol mononitrate was considered to be safe to handle 
no special precautions were taken and it was pumped with two Moyno pumps. 
The detonation which destroyed the factory probably started through friction in 
a pump. 

Composition of Slurries with Nitroglycerine based Explosives 

A comparison was made by Mahadevan 1 7*4 ) of slurries with ‘classical’ nitro- 
j glycerine explosives as follows: 

“At present the only advantage of nitroglycerine-based explosives is their 
greater shelf-life as compared to slurries. To a greater or smaller extent, 
water-gels have replaced nitroglycerine-based explosives.” 



EIG. 100. Nonet I-tube (detonating fuse) showing a Ihin layer of explosive 
inside the plastic tube (Courtesy Nitro Ncbel A.B., Gyttoip, Sweden). 


C7C io 1.4 - S 




^ CHEMISTRY AND TECHNOLOGY OF EXPLOSJYT.S 

NONEL DETONATING FUSE 

Among the most important inventions in the field of accessories to mining 
explosives is the Noncl Detonating Fuse ingeniously invented by P. A. Persson 
at Nitro Nobel A.B. [113]. 

It is composed of a thick walled polyethylene tube sprayed inside with a 
small amount ol a highly sensitive and strong explosive such as Octogcne (HMX) 
yclomte (RDX) or PETN. It is based on the fact that a shock wave travels along 
the tube with a higher velocity than the detonation wave. Figure 100 gives a 
cross-section of the Nonel tube. 
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APPENDIX 


METHODS OF DETERMINING THE ABILITY OF EXPLOSIVES TO DEFLAGRATE 

Methods of determining the ability of explosives to deflagrate were introduced in 1934 
by Audibert and Delmas 111 It consisted determining whether an explosive can be sub- 
jected to burning or exploding under rhe flame produced by ignition charges. 

A general scheme was developed in different countries which consists in the following 
method: an explosive is confined in a steel lube of different dimensions, viz : 

length 200- 1370 mm 

diameter 38-90 mm 

wall thickness 3-20 mm 


1 j ff . ■ V '• " v w * ,,,w 1* pruYiucu wun a nozzle 

of different diameters, c.g. from I to 20 mm. Another one is covered inside by an inert sub- 
'tjnee, such as sar.d. The initiation of the explosive is usually made by black powder or an 
explosive mixed with coal-dust. 

The minimum diameter of the nozzle which produces u deflagration is determined and 
serves as a measure of the ability of the explosive to deflagrate. 

Another criterion is the proportion of coal-dust added to the examined explosive. In 
» oland the explosive is mixed with coal dust (up to 55%). The minimum addition of coal- 
nagratc h,Ch g,VC5 * dena * ral,on 11 17 ammonium nitrate explosives do not do- 

further r description of the methods of determining a deRagiation is outside the scope of 
this book. They are fully described by Charcwiez 121 . 
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CHAPTER 20 

THE MANUFACTURE OF 
COMMERCIAL (MINING) 
EXPLOSIVES 

(Vol. III. p 498) 


I ittlc* can be added to first steps of manufacturing mining explosives, such as 
drying, milling and mixing ol ingredients of mining explosives (Vol. Ill, pp. 
503 )- ,):sk fixers (Vol. III. p. 504. Fig. 167), edge runners (Vol. Ill, p. 
fr, .<50, I igs 93, 94) and Wcrnci-Plleidercr knottier* (Vol. Ill, pp. 586 7, Figs 

E 206 209) arc still in use for mixing ammonium nitrate explosives without 

nitroglycerine. 

Those with a small amount of nitroglycerine (4 6%) can be mixed in Werner- 
I’ficidcrer and in Drais kneaders (Vol. Ill, pp. 512-514. I ; p S 1 73 175). The 
latter are particularly suitable for making explosives with a higher content ol 
nitroglycerine. 



PLANETARY MIXERS 

I he typical planetary mixer is a Drais kneader the most commonly used 
type is with two bowls pivoting around an axle. While one of the bowls is being 
emptied or filled, the other one is under the stirrers. The capacity of the howl is 
ol about 500 kg ol dynamite. More recently Drais has built a machine of 500 I 
useful capacity consisting of four instead of two pillars (Fig. 101 ). 

Another kind of planetary mixer of a smaller capacity (250 kg) was devel- 
oped by Biazzi S.A., Vcvey (Fig. 102) (I). The main characteristics are the light 
structure of aluminium, the particular disposition of blades which makes it 
possible to avoid a foreign body being caught into the mass and wedged between 
the blades and the interior of the bowl. 

The stirrers revolve one around the other at 17 rpm and rotate around their 
0wn at 45 rpm. The speed can be changed and the mixing time can be kept 
between 4 and 8 min. At a lower speed the danger of explosion is smaller. Ilie 
stirring can be clockwise or anticlockwise. The machine is stopped and the 
stirrers are raised automatically by means of a timing device. 
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EIG. lOi. New design for a Drais Planetary Mixer (Courtesy Draiswerke 
Maschincnfabrik G.m.b.H.. Mannhcim-Waldorf, ERG). 
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CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES 


FIG 102. Planetary mixer by Biazzi (Courtesy Buzz! S. A., Yevey. Switzerland). 
Earth connection of the bowl can he seen. 


Although the design of planetary mixers excludes friction, a few explosions 
have occurred [2] . Most of them were due to the presence of foreign bodies 
in the bowl, and a few accidents were due to hand stirring the mixtures, contrary 
to instructions. 

Also a few accidents with Wemer-Pflciderer mixers have been described 1 2) 
mostly due to the accidental presence of foreign bodies. 

Another kind of explosives mixer ‘Tellex Mixer’ has recently been developed 
by Fr. Niepmann, G.m.b.H., Gevelsberg, FRG [3], The mixing bowl is of steel 
alloy and consists of two troughs in which mixing can be made of powder, semi- 
gclatinous and gelatinous explosives, as well as AN— FO and slurry mixtures. 
The capacity of the troughs is 180-700 kg. 

Two spiral stirrers guarantee good mixing (Figs 103a, b). 

Mixing lasts 8-10 min and remote control assures the safety of personnel 
[Fig. 104). 





^ — — — — m m — - 


FtG. JU3. TcUcx cxploiim mixer by Niepmann (Courtesy Niepmann A G. 
MawhmcnLihfik. Walchwill'ZG., Switzerland) (a) View from above; (b) Dia- 
gram of functior.ing of stirrers. 


CARTRIDGING 

Maschinenfabrik Fr. Niepmann G.m.b.ll. & Co., Gcvelsbcrg, FRG specializes 
in making cartridging machines for explosives. A diagram of an early version of 
a cart ridging machine is given in Vol. Ill, pp. 517 8, Fig. 179. Two modern 
Niepmann cartridging machines will be described here. 

Figure 105 depicts ‘Cartex* for cartridging powder-explosives, a cartridging 
machine which makes 9 cartridges (there are also models making 12 cartridges) 
|4|. 

The explosive is fed by screws into the open end of the paper tubes. When 
shells have been filled, the screws stop automatically, then a brief reverse rota- 
tion prevents a surplus feed. The filled tubes travel to the folding machinery 
where they are closed before being conveyed to the paraffining station, if neces- 
sary. The operation is controlled at two points: by manual control inside the car- 
ridging room and by a remote control panel in the control room. 

Machines of this type can make cartridges of 20-40 mm diameter and 90- 
254 mm length, with a yield of 100- 180 cartridges per minute. 
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I IG. 104. Control room of mixing explosives at Kcrnir.i (Courtesy kcimra OY. 

Vihtavuori. Finland). 


I IG 105. Niepmann at Lunatic filling and dining machine with 9 Oiling tubes 
(Courtesy Masdiinenfabrik Fr Niepmann G.m.b.ll. and Co. I» 582 (levels- 

berg. I KG). 


Figure 106 depicts a cartridging machine LI>l:x 701 for gelatinous explosives 
[5). l arge diameter cartridges can be made: 50 125 mm diameter and 300 
K00 mm length. The hopper is loaded with an explosive. Feed rollers and transfer 
screws convey the material to the filling station. Elastic film from a supply reel 
is formed into tube, and the longitudinal seam is sealed. The explosive is fed into 
the casing until a desired length has been reached. The filling screw is stopped, 
the tube is pulled away and wire clips are applied to close the cartridge and the 
tilm is cut between the two clips. Cartridge length is adjustable. The machine can 
make 10-15 cartridges/minute. 

Although the Niepmann machines are safe to handle, an accident occurred 
as described by Biasutti [2] in Rego da Amorcira, Portugal. As is usual in such 
accidents, it was due to the presence of a foreign metal object in gelatinous ex- 
plosive with 33% nitroglycerine. 

AN-FO 

The methods of making AN-FO mixtures were described in Vol. III. pp. 
508-510. In the early stages of AN-FO manufacture no necessary precautions 


were taken AN FO being erroneously considered to be a sale mixture. A huge 
accident at Norton. Virginia. I .S A. (Vol. III. p. 508) compelled the authorities 
to issue instructions on the manufacture and handling of AN-FO. a detailed 
description o: the accident can be found in the book by Biasutti |2|. The acci- 
dent started when the mixture caught fire, probably from welders working in the 
premises. The fire was followed by seveial explosions which produced extensive 
damage. Since then AN FO has been recognized as a conventional explosive and 
dl regulations valid for explosives, should be applied as regards manufacture, 
handling, transportation and storage of AN-FO. 

The methods lor making and applying AN FO for blasting have been given 
by Schiele [6] . 

Iwo modern methods developed by Nitro Nobel in Sweden are depicted in 
Mgs i0 7 and 108. Portanol (Fig. 107) is a pneumatic ejector developed for the 
efficient charging of AN-FO made from ammonium nitrate prills. It is based on 
!hc ejector principle, that is. the blasting agent is sucked from tiie container and 
blown through a hose into the bore-hole. 

Anol (Fig. 108) is a compressed air unit for charging AN FO into shot-holes 
of 25- 1 50 mm diameter. 
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MG. 107. Tortanol* ejector charger for prilled AN-FO (Courtesy Dr J. 
Hansson and Mr Bengt Ljung of Nitre Nobel Mcc. Stockholm). 
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It is important that the vital parts of the apparatus are made of stainless steel 
owing to the fact that AN-FO is highly corrosive. The charging hose is anti- 
static and electrically semi-conductive to avoid charging with static electricity. 
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CHAPTER 21 


LIQUID EXPLOSIVES 

LIQUID OXYGEN EXPLOSIVES (OXVLIQUITS) (LOX, (Vol. III. p. 491 ) 

X.oTS.SSTrtc’S USed in Cern,any "«'•» War . 

after World War f (V 0 | ||| ,, ■ ,nd lin ^ -'romaMc nitrocompounds. Shortly 

a number of fatal cdde n h ! k WaS ^ P’-»V due ,o 

t-ies (II. Die use of LOX nil "* UiCd ' oday in m( »« «><«. 

Slurry explosive” [2]. ' hCC3 " 5e ° f ,h ' in,roducli ' >n - f AN FO and 

liquid rocket propellants-propergols (Vol. Ill p 

SSX- CS 3S? t 

mmmrnm 

will he give,; |,e“c * mt '" tm,0a S,ric,ly connec, *‘ l «»■ '°cke, propulsion 

Mono and Bipropellants 

Wsmism 

dizer Separately n, Uh CO " lp ] oscd ol ,wo components: a fuel and a liquid oxi- 
not currently^ much irTuse [?]. "* Non hypergolic systems are 
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The following were groups of compounds used as fuels: hydrocarbons am- 
mes. hydrazines, bonnes and as oxidizers: nitric acid, nitrogen oxides, hydrogen 
peroxide, liquid oxygen, halogens. ' 

A few requirements are posed with regard to the stability of the components 
their toxicity, ease of handling and cost of manufacture. From that point of 


vrew some ingredients originally suggested could not be accepted, such as liquid 
ozone which proved to be too sensitive to handle. 


Cryogenic and Storable Components 

Liquid hydrogen is a typical cryogenic fuel and oxygen and fluorine arc cryo- 

gemc oxidizers. The latter is a more energetic oxidizing agent than oxygen and 

also oxidizers containing active fluorine aloms. Thus oxygen dilluoride (OF,) 

and chlorine tr, fluoride (GIF,) (Vol. III. p. 312) are more energetic and reactive 

I ran oxygen containing oxidizets such as nitric acid, hydrogen peroxide (08%) 
chilli rogen tftroxidc. v /. 

! lw encr 8 c,ic advantages of cryogenic fuel and oxidizers arc visible from their 
performance in terms of specific impulse / s as compared with storable com- 
ponents. 


Cryogenic j 

hydrogen and fluoride 41 0 

hydrogen and oxygen 30 1 

Storable 

hydrazine and nitrogen tetroxide 292 

mcthylhydrazinc and chlorine trifluoride 2**1 


-Storable liquid propellants now receive greater attention than cryogenics. 
n.o, ability refers to a liquid which can be kept for a long time at ambient tern- 
perature in standard containers without any significant loss of material. 

I lie following are requirements applied to storable liquids! 10 ) : 

L the freezing point should be sufficiently low to assure the liquid stale 
uiuiei diitcrcnt climatic conditions. Also they should possess: 

2 . high density, 

3. low vapour pressure, 

4. relatively low viscosity. 

They should not be excessively toxic, corrosive, reactive with air or thermally 
unstable. Their performance should be as high as possible and this is obviously 
Um.ted to particular chemical structures. Subsequently blends were introduced 
tor example, 50/50 hydrazine/unsym-dimethylhydrazine (UD.MH), or UDM 1 I 
w:h acetonitrile and diethylenetriaminc (DETA). On UDMII sec Vol. III. p. 

•5 l/o. 

Most storable energetic oxidizers are very reactive, toxic and not very stable 
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(e.g. CIE 3 , N 2 0 4 , H 2 0 2 ). The corrosive properties of nitric acid: RFNA and 
WEN A (85 and 97% HN0 3 respectively) are greatly removed bv adding 0.5- 
1.0% HF thus forming I RFNA and IWFNA (inhibited acids) - as ’pointed out in 
Vol. Ill, p. 2 93 and in Chapter I ot the present book. Sometimes a small propor- 
tion (ca. 1%) of phosphoric acid is also added. 


Hypergolic Systems 

I he above described systems with compounds containing amino groups are 
hypergolic systems. 

Kulkarni 1 1 1 1 gave a list of various compounds hypergolic with WFNA and 
their induction period according to [12) (Table 1 10). 

The data for hydrazine [13] and UDMH |I4| arc given in Table 111. 


TABLE no. 


1 

Compound 

Induction 

see. 

Ethyla mine 

2.03 

Propylamine 

1.73 

iso-Propylaminc 

0.94 

scc-Hulylmnino 

0.63 

Diethylamine 

0.45 

Ihpropylaniine 

0.17 

Di-iso- Propylamine 

0. 1 5 

1 riethylaminc 

0.07 

Ti (propylamine 

0.05 

1 iliunoljininc 

0.4 3 

Itliylencdiamine 

0.09 



TABLE. 

111 




Induction 


Coni pound 

Agjxmond 

period 

*ec 

Reference 

Hydrazine 

RENA 

0 003 

1131 

Hydrazine 

HNOj (98%) 

0 005 

UDMII 

HNO, (98%) 

0.012 

1141 


C'apener [9] and other sources [7, 24) give a wide list of hypergolic systems 
which can be summarized as follows: 

Oxidizers: RFNA, WFNA, N 2 0 4 ,N 2 0 4 + NO (MON). Liquid oxygen (LOX. 
1 0 2 ). Ozone, li 2 0 2 , Fluorine, Oxygen/Fluorine (Flox 30 and 70 with 70% of 
fluorine respectively), Fluorine chloride (C1F 3 - Vol. Ill, p. 312), Perchloric 
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acid (Vol. Ill, p. 313), Perchloryl Fluoride (C10 3 F— Vol II, p. 488, Vol. HI. 
P . 313), Tetrafluorohydrazinc (N 2 F 4 ), Oxygen dilluoride OF 2 |21 —23) 
Bromine pentalluoride (BrF s ), TetraniUomethanc (Vol. I, p. 588 and Chapter 
VIII, tliis volume). 

There b currently a tendency to use oxygen fluorine and its compounds 
more widely. 

Fuels. Diethylenetriarnine (DETA), (NII 2 C 2 II 4 ) 2 NH, Hydrazine, Mono- 
methylhydrazine (NIIM), Liisym metrical Dimcthylhydrazinc (UDMII. Vol. Ill 
p. 308), Terpenes, also non-hypergolic fuels JIM and JP-5 are in use. 

Other composite fuels which are in use are: 

MAF 1 a mixture of 50% DETA. 40%. UDMH and 10% Acetonit.idc, MAF 3: 
20% UDMH and 80% DETA, MAF 4 (Hydyne or U-DETA): 60% UDMH 4 40% 
DETA, NjII 4 -UDMH: a mixture 50/50 of two components. Hydrodyne V 
75% hydrazine and 25% MMII, JP-X: 60% JIM and 40% UDMH. 

Practical applications have been found for most of these compounds with 
some exceptions such as liquid ozone as it is considered to be loo difficult i<> 
handle, the only probable form of ozone sale enough is Us mixture with oxygen 
(Vol. Ill, p. 309). 

Intensive research is still being carried out to Find the best oxidizer and fuel. 
Capcncr [9) gives a few examples of the most promising systems, they are 
collected in lables 112 1 16. Roth |7] reported the most commonly used liquid 
propellants - Table 117. 

further information has been presented by Silverman and Constantine |24). 
who have described non-hypergolic mixtures of liquid oxygen with RIM (a 
hydrocarbon blend). hydrogen, ammonia, ethanol; hydrogen peroxide with 
hydrocarbons JIM and JP-5; IRENA with JIM. They also described hypergolic 
mixtures, such as: IRFNA with JP-X, UDMII. MAEM.-3 and -4, aniline and fur- 
iur°l; IWI NA with turpentine; N 3 () 4 and hydrazine with UDMH, MMII. hydra- 
/me with MMII, MON with MMII and UDMII. 

TABLE 312. Propellants with RENA 
(compo sition: 84.6% HNOj, I 3.4% N 2 () 4 . 2%ll 2 l» 

Enthalpy of formation RENA - A//f = z 1 .0 keal/mol 

Density 1.57 at 25°C 
m.p. 49°C 
b.p. 66 c C 


Euel 

Oxidizer 

wt% 

Specific impulse 
/ s max 
sec 

b<h 9 

77 

298 

Hydrazine 

60 

278 

MMII 

71 

278 

UDMH 

76 

272 
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TABLE 113. Propellants with N,0 4 

Enthalpy of formation N 2 0 4 - A// f 

Density 1.43 at 25°C 
m.p. — 1 l.2°C 
b.p. 2 1°C 

= 5.4 keal/mo! 

• 

Fuel 

Oxidizer 

wt % 

Specific Impulse 
As (max) 
sec 

Hz 

B*H 9 

Hydrazine 

MMH 

UDMII 

DETA 

84 

77 

57 

68.5 

72 

74 

342 

306 

291 

288 

286 

2’8 

IAI1I E 1 14. Propellants with 11,0, (100%) 

Enthalpy of formation 11 , 0 , A// f =. 

Density I .44 

14.8 kcjl/mol 

Fuel 

Oxidizer 
wt % 

Specific Impulse 
/* (max) 
see 

Hz 

®sH 9 

Hydiaziiu 

UDMII 

88 

73 

67 

81 

i 32 £5 

ru fN 

•ABLE 1 15. Propellants with fluorine 

Enthalpy of formation of F] - &H, = 3.47 kcil/mola, - 188 ° C 

Density 1.51 at -18S°C 
m.p ~21 9.6°C 
b.p. -I88°C 

Fuel 

Oxidizer 

wt % 

Specific Impulse 
/$ (max) 
see 

Hz 

B 5 H 9 

Hydrazine 

UDMII 

nh 3 

89 

82 

69 

71 

V 

410 

360 

363 

344 

357 
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TABLE 1 16. Chlorine trifluoride 


LOX 

IOX 

Fluorine 

Fluorine 

Kluounc 
Maori nc 


Hydrazine 

Ethanol 

JP4 

NHj 

Dihoranc 

(BjH 6 ) 

Methanol 

Hydrazine 


5.0 

2.37 

1.98 


291 

796 

2.98 


Althouph considered as being storable, oxidizers such as N 2 0 4 
and ( II , arc less in use owing to their low boiling points: 21° and 
1 1 C respectively and hence difficulty in handling 


Novel Trends in Liquid Rocket Fuel 

In the search for efficien. hypcrgolic fuel various derivatives of furfuryl alco- 

.he n ri C l?’n ICd fM| 6]. S °" 1C of have an induction period of 
the order of 0.020-0.025 sec with 98.5% nitric acid. 

n *r g ‘^‘"acting wi,h RFNA «he following showed hypcrgolic 

* 3 r* ,o. L* b “ CS |i7J ’ rurfuiyliden e aililine and furfuramide [18] 

r”' 91 ' !‘ CU , lar , ly imp ° r,an! arc ,he finJin ^ of l*nda and Kulkarni 
[20] who desenbed aliphatic, alicyclic and aromatic furfurylidenc ketones 

M HNO R ™ A Tl " 

76% HN ° 3 . 21% N 2 0 4 . 1% H, P0 4 , 0.3-0.5% HF and 1 .7% || 2 O. 
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OXIDIZERS 

Oxygen Difluoride (Ob\ } 

As previously mentioned, oxygen fluorine and fluorine compounds are in- 
frequently used as oxidizers. Oxygen difluoride is a particularly attractive oxi- 
dizer. It is denser than the stoichiometric mixture 0 2 /F 2 and consequently 
should give a better performance. It was first identified as a product of electro- 
lysis of wet III- as early as 1927 [26|. A detailed description is given by Dono- 
hue, Nevitt and Zlctz [21) with a yield of 45%, although a yield of 603 was also 
claimed [27] . Donohue et al. found that the yield varies with concentration. 

I he reaction [21 ) can be represented by the diagrammatic equation: 

HF+ nlljO — -OF, * 0» 4-0, ♦ II,. (1) 

According lo Donohue et al the conversion of III to OF 2 is 100%. 

Oxygen ditluoridc is a colourless gas of m.p. -224°C. b.p. -I45°( [28. 
25]. Its density is 1.52 at — 145°C [25 1 . Bisbce, Hamilton, Rushworth, Houser 
and Gcrhauscr (23) determined thcrmochemical parameters of li e compounds: 
the standard -A//? was found to be 4.0<> keal/mol and of O — F bond energy 
-50.7 keal/mol, 

F.I’R spectrum of 01 2 was also examined |22|. 


Nitrogen Hu nr ides 

l our nitrogen fluorides are known: NF 3 , NjP 4 . N 2 F 2 and N : . I , but only 
Nl j and N 2 P 4 1 25. 29 1 are of real interest in rocket propulsion. They are both 
cryogenic with b.p. — 129" and — 73°C respectively. They arc relatively resistant 
to the hydrolytic action of water. So far there is little prospect of practical use 
owing to the high cost and the yield of toxic decomposition products. 


Multicomponent Fuel 

Multicomponent systems usually contain aluminium as a component which 
increases the combustion energy. The stabilization of the system with an in- 
soluble component and aluminium requires that insoluble phases (an insoluble 
combustible and metal) are uniformly suspended through the liquid phase. 
According to Bcighley, Fish and Anderson [25] two methods were promising: 

(1 ) bv forming an emulsion, 

(2) by forming a gel. 

The latter method proved to be more successful. Two types of gelling agents 
^ere in use: 
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(a) silica and acetylenic black, 

(b) natural and synthetic hydrophilic polymers. 

There is an increasing demand for hydrazine as an excellent fuel. It is com- 
mercially made by the Raschig method and has been known since 1907. Its 
main drawback consists in yielding dilute (2%) solution. T he monograph by 
Audrieth and Ogg (Vol. Ill, p. 307) is also dedicated to the problem of concen- 
irating the solution. The problem still exists although the classical method was 
improved by Bayer in Germany. There are environmental problems in disposing 
of large quantities of by-products and a consumption of large quantities of 
energy. 

According to the Encyclopedia (2) Usine Kuhlmann in France developed a 
new method which consists in a sequence of reactions: ammonia, hydrogen 
peroxide and carbonyl compounds (c.g. propione) react in the presence of an 
amide and a analytic quantity of phosphate to form an azinc intermediate: 


= N 



The latter hydrolysed quantitatively to hydtazine and carbonyl compound 
which is recycled. A yield of 75% was claimed. 

I or gelling hydrazine. MM1I, UDMII and their mixtures were used: natural 
gums, guar gum (applied extensively in slurry explosives - Chapter XIX), gum 
arabic. locus; bean gum. alginates, gelatin, carboxymcthvl- and Hydroxymethyl 
cellulose, polyvinyl alcohol, polyvinyl pyrrolidone etc. The solid phase should 
he of course, compatible with the carrier fuel. 

Hie rheological properties of such gels arc of importance [ 10. 25] . 

The methods of examining the chemical and mechanical stability of pro- 
pc ant systems arc described by Tannenbaum and Beardell 1 10| . 


POLYMERIZATION OF HYPERGOLIC FUEL 

Iren: and /ucrow [30) (while studying the hypergolicity of bicyclopenta- 
ilienc with WFNA) advanced a hypothesis of polymerization reaction of the 
diene as a pre-ignition reaction. This was substantiated by Panda and Kulkarni 
[20, 31) through their experiments on self-ignition of several furfurylidone 
ketones and amines with RI NA. The same authors discovered hypergolicity of 
unsaturated phenols with RFNA and N 2 0 4 [32). The phenols arc able to poly- 
merize. In a series of recent papers Panda and Kulkarni [33) supported their 
hypothesis experimentally. 


ANALYSIS 

The analysis ot liquid rocket propellants has been described in a monograph 
by Malone [34) . This is however outside the scope of the present book. 
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CHAPTER 22 




SMOKELESS POWDER 

(Vol. Ill, p. 528) 

Li llIc can be added to the general description of smokeless powder given in Vol 
III. all. tough its use is wider than originally described and is not limited to fire- 
arms but is extensively used fot rockci propulsion. 

I iom the point of view of composition three kinds of smokeless powder 
can be described: single, double and triple-base powder 

•r M h ° ® fl r.l C " a ' 3t,eri5,iCS ° f ,hcse « rou P s of f’ ,,wder “ re summarized in 
tables 18 1 20 according io Roth and Capcner ( I J . Potassium salts are added 

( labUs If- and 119) as flash reducing agents. Lead salts (Table 1 19) are dc- 

composition -moderators- which play a role in producing low temperature co- 

efficients o I burning propellants and a low exponent n in the expression 

where r 

)•- is the rate of burning 
A - a coefficient 

p- pressure under which the propellanl is burning. 

A low exponent // assures a 'plateau' burning, that is. there is little change in 
the rate v wiih pressure (Prcckel (39] ). 

STABILITY OF SMOKELESS POWDER (Vol. Ill, p. 559) 

The stability of smokeless powder remains one of the major problems con- 
r.ected with the storage of propellants containing nitrate esters. It also forms the 
mam subject matter of an International- Symposia which has been organized in 
Sweden by J. Hansson lor over ten years |2] . 

Tranchaiit [3] points out that three types of stability can be considered: 

(a) chemical stability 

(b) mechanical stability 

(c) ballistic stability 

However (b) and (c) depend on the chemical stability. The same author (41 
suggested that the term ‘Chemical Stability' should be replaced by a more pre- 
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TABLE 1 18. Typical single base powder in U.S.A. [11 



M6 

MIO 

IMR 

EC-NACO 

Nitrocellulose <13.15%N) 

87 

98 

100 

91 4 

Ethyl Ccntralite 




X 

Basic Lead Carbonate 




1 0 

Volatile (ethanol +dibuthyl ether) 




3.8 

k 2 so 4 

— 

1 

1 (added) 


Diphcnylamine (DPA) 

1 (added) 

1 

0.7 (added) 


DNT 

10 

— 

8 (coating*) 


Dibutyl Phthalatc 

3 





* See Vol III. p. 627. 


TAM E 1 1 9. Common double-base solid propcilart n ISA ( 1 1 



M2 

M5 

Nitrocellulose (13.25%) 

77.45 

81.95 

Nitroglycerine 

19 50 

15.00 

kno 3 

2.15 

2.15 

Ethyl Ccntralite 

0.6 

0 6 

Graphite 

0.3 

0.3 


I riucctm 
Lead Salicylate 
lead Stc.ua te 
Carbon Mack 
Diethyl Phlhalate 
2-Nitrodiphenylamine 
Lead Salts* 

Candclilla Wax 

• Composition undisclosed. 


NIK 

M2 1 

N5 

MUM 

52.15 

53.0 

50.0 

48.6 




(I2.6%NI 

4 3.00 

31.0 

34 9 

27 0 

1.25 

— 


0.6 

20 


II 


II 0 


IB. 7 


2.5 




0.5 


4.6 


0.03 (added t 



3 0 


10.5 




2.0 




2.4 




0.2 



TABLE I 20. Triple-base propellants in l .S.A. 1 1 J 



MI5 

Ml 7 

M3 1 

Nitrocellulose (13.15%) 

20.0 

22.0 

20.0 

Nitroglycerine 

19.0 

21.5 

19.0 

N'itroguanidine 

54.7 

54.7 

54.7 

Ethyl Ccntralite 

6.0 

1.5 

Sodium Aluminium Fluoride 

0.3 

0.3 

0.3 

Dibutyl Phthalatc 

— 


4.5 

2-Nitrodiphenylamine 


— 

1.5 


SMOKELESS POWDER 579 

TABLE 121. French smokeless powders [38) 


Name 

Composition 


Calorimetric value 
cal/g 

Gas volume 
cm»/g 

Force 

/ 

Poudie B 

Nitrocellulose 





epaicse 

1 2.8% N 

98 

909 

925 

10 500 


Diplienylaminc 

2 




Poudie SI) 

Nitrocellulose 





epaiiw 

1 1.7% N 

66 

762 

1012 

9 800 


Nitroglycerine 

25 





Ccntralite 

9 




Halisme 

Nitrocellulose 

58 




Cl 

1 2.5% N 


1243 

833 

12 200 


Nitroglycerine 

42 





Ccntralite (to add) 

1 





cisc expression 'Measure of chemical evaluation of propellants’. However the 
term ‘Chemical Stability’ will be used for short. 

The stability of smokeless powder depends on many factors, not only on the 
purity of the used nitrate esters, or the presence ol a stabilizer, but also on the 
web thickness of powder grains (Vol III, p. 55). 

Currently the stability tests are directed towards the determination of 
changes of the stabilizers present in the propellant. The most important methods 
currently used to evaluate the change of the stabilize: are chromatographic 
methods. 

The pioneering work of Scluocdcr (Vol. Ill, p. 563) and |5, 6) should lx- 
mentioned. 

With the progress of chromatography techniques various methods were used, 
such as thin-layer chromatography (TLC) which started in 1962 by llansson and 
Aim 1 7) followed hy other papers |8, 9| including those on high velocity 
chromatography 1 10, 1 1 ). 

Current research on stability and changes of stabilizers are published in 
volumes of Symposia [2) . 

Thus thin layer chromatography (TLC) was extensively used by Volk [12|. 
TLC and liquid chromatography by Ammann and co-workers [ 13), gas-chroma- 
tography (GC), TLC and high pressure chromatography (HI'LC) hy Ammann 
|14). HPLC was in use by Lebert, Stephen and Zeller |15), Brook, Kelso, Neil 
and MacLeod (16) . Lindblom 1 1 7) , Sopranetti and Reich [ 1 8 1 , Volk (19). Gas 
chromatography was used by Sopranetti and Reich [20). To obtain different 
retention times for derivatives of diphcnylamine, they A'-acylatcd the products 
with heptafluorobutyric anhydride and obtained a high resolution. 

Microcalorimetry was also tried as a method of determining the beginning of 
decomposition of propellants (21-26). It should be recalled that the first ex- 
periments on measuring the heat evolved during the decomposition of nitro- 
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cellulose powder were carried out by W. $wi«,*to$lawski, T. Urbanski and co- 
workers [27] (VoL III, p. 552, 556). 

Brook etal. [16] summarized the widely-used stability tests in Table 122 (see 
also Vol. Ill, p. 558). 



TABLE 122. Most common stability tests [161 


Test 

Temperature 

°C 

Tune of Test 


Abel Heat 

65.5 

10-30 min 

Kl starch paper 

Methyl Violet 

120 

40 min 

Methyl Violet paper 

Dutch 

I,, 

105 

72 hr* 

Decomposition monitored 
by weight low of sample 

Surveillance 

80 

150 hrs 

Brown fumes 

Small Vessel 

100 

5 days 

Decomposition by w eight 
loss of sample 

NATO 

65.5 

60 days 

Loss in stabilizer deter- 
mined spectroscopically 

Woolwich 

80 

3 weeks 

Loss in stabilizer deter- 
mined by gas liquid 

- — - — — — ■■ 



chromatography 


SMOKELESS POWDER 581 

Nitro-, 1,3-dinitro-, 1 ,3,5-trinitro-benzene; ethyl-, 2-nitroethyl-, 4-nitroethyl-, 

2,4-dinitroethyl-, 2,4,6-trinitroethyl-, A'-2,4,6-tetranitroethyl-, A'-nitroso- 
ethyl-, /V-nitroso-2-nitroethyl-, A r -nitroso4-nitroethyl-aniline; 2-nitro-, 4 
nitro-, 2,4-dinitro-, 4,4-dinitro-2,2,4.4-tetranitro-cthylcentralit; 4-nitro-, 2 ; 4- 
dinitro-, 2,6-dinitro-phenol and picric acid. 

It is important to note which compounds were formed in single and double 
base powders during long storage at normal storage temperature. 

In 1976 Ammann [14] examined nitrocellulose powder manufactured in 
1927 and found derivatives of diphcnylarnine as follows by TLC: 2-nitro, 2,2'-, 

2,4-, 4.4 -dinit ro-, 2,2 ,4-, 2.4,4'-trinilro and tetranitrodiphenylaminc. Also trace 
quantities of A'nitroso-4 -nitro and A , -nitroso-4,4'-dinitrodiphcnylainine were 
detected. 

In a 15-year old single base powder Brook et al [16] found 0.77% DBA, 
0.23% A'-nitroso-DIW, 0.02% 2-nitro and 0.04% 4-nitrodiphcnylaminc. Similar 
products in much the same quantities were found in nitrocellulose powder sub- 
jected to heating al 105°C (Dutch Test) for ca. 24 hours and at 65.5°( (NATO 
Test) for ca. 24 days. 


In France and U.S.S.K. the stability test of Vicillc is widely used. It consists 
m heating the samples at 110° or 106.5°C in the presence of litmus paper for 
a minimum of 70 hours (Vol. III. p. 558). 

As pointed out in Vol. Ill quantitative methods such as Bergmann and Junk, 
pH measurement of heated samples, Taliani (Vo!. II. pp. 26-28) arc rarely used 
for control in magazines. 

Volk [12] reported the results of his examination of the products of the 
changes in diphcnylarnine (DBA) and ethylceniralitc during the storage of single 
and double base propellants respectively at temperatures between 60 and 95°C 
until the moment that NO : appears (a temperature 65.5°C for 60 days has been 
approved by NATO [3, 16] ). According to Volk the nitrogen dioxide was 
evolved after more than 800 days. 

1 1c established the presence of 28 derivatives of DP A as follows: 

2-nitro-, W-nitroso-, A,4-dinitroso-, A'- nitroso-4 -nitro-. 3-nitro-, 2,6-dinitro*. 

2,4-dinitro-, A r -nitroso-2.4-d:nitro, 2.2-dinitro-, 2,4,6-trinitro-, 2,4'-dinitro-, 
A’-nitroso-2-nitro-, A r -nitroso4,4'-dinitro-, 4-nitroso- 2 -nitro-. 4-nitro, 2,2*4, 
4 -tetranitroso-, A-nitroso-2,4'-dinitro-. A r -nitroso-2,2'-dinitro-, 2,2,4 -trinitro-, 
A'-nit roso-2 ,2‘ .4-trinitro-, A'-nitroso-2,4,4'-trinitro-. 2.4,4* -trinitro-, 2, 4,4 , 6- 
tetranitro-, 2,2',4,4'-tctranitro-, 2,2’,4,4',6-pentanitro, 4-nitroso-, 4,4-di- 
nitro-, 2,2 ,4.4',6,6'-hexanitro-diphenylaminc, and picric acid. 

Similar results were obtained by Brook ct al. [16] . 

Hthylccntralite gave 24 products as follows: 


FREE RADICALS IN THE CHANGE OF DIPHENYLAM1NE 

A new and original approach has been given by Mrzewirfski [28| to the 
problem of the change of diphcnylarnine in single-base powder. He applied ESR 
technique to follow the transformation of the stabilizer and came to the con- 
clusion that the charge transfer phenomenon occurs in the first instance at 
room temperature between nitrocellulose (acceptor) and diphcnylarnine (donor) 
in agreement with the finding of T. Urbanski ct al. |2‘>] that nitrate esters give 
charge transfer with amines. 

The LSR signal was recorded in nitrocellulose powder at room temperature. 
The intensity of the signal increased at 106.5°C (Vicillc test) and reached a maxi- 
mum after 20 hours. 

According to Mrzewinski [30] this was due to the formation of a free radical 
of diphcnylarnine (I) a transient free radical of diphenylamine A'-oxidc (II). 
Free radical I is known to the literature [31]. It yielded A'-nitrosodiphenylaminc 
(which, as is known possesses stabilizing properties), A r -nitrosonitro-, dinitro- 
and higher nitrated diphenylamines. According to Mrzewinski free radical I is 


C«H, 


• H / 

*Hj 


C.H,^ 

N — O 


I 


II 
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the active species of the formation of nitroso and nitro derivatives of diphenyl- 
amine when single base powder is heated. Short lived free radical II also partici- 
pated in the formation of nitro compounds, but its role is much less pronounced. 




I K ; . 109 (a) ESR signal :n single-base propellant. I broad line ot metal 
impurities (Mn . Ni. Fc in quantity of ra. 10^%). 2 narrow line of radical 
speucs |_8, .01. lb) Intensity or I SR signal against time (hours) of heating 
single base powder and Nitrocellulose with Diphenv brunt- at 106.5V. accord- 


ing to Mrzewinski (28. 30). 


STABILIZERS 

1 1 is well known that diphenylamine (DPA) is too basic as a stabilizer of 
nitroglycerine and DEGDN (diethylene glycol dinitratc) containing powder. To 
'educe the basicity of DPA, 2-nitrodiphenylamine (2-NDPA) was introduced 
into propellants, particularly double base powders, as a successful stabilizer. 

A similar action shows p-nitro-.V-methylanUine (/?NMA). 
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Cent rallies I and II (Vol. Ill, p. 645), Centralite III were successful as both 

stabilizers and ‘non-volatile solvents' of nitrocellulose along with urethanes which 

seem now to he less used. Unsymmetrically substituted urea: unsym-diphcnyl- 

urea (Vol. Ill, p. 645) named Acardite I is currently employed as also arc its 

homologues diphenylmethyl and diphenylcthyl urea: Acardite II and Acardite 
III respectively. 





V 
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More recently a use has been found for resorcinol as a stabilizer. It readily 
,ea; » s wi,b nitrogen dioxide to yield nitroso- and nitrorcsoicinol which can 
further react with resorcinol molecules yielding various licterocyclics among 
them resorufin. 

V ^' C ^ Clion ° f ,llis stabilizcr was extensively discussed by Way |32| and 

Soliman |42) recently suggested a new stabilizer for double base propellants, 
this is 5.6.7-tfihydro-5,7-diphcnyl-thiav.olo-|3,2*b| -s-triazin-3(2l l)-one (III) 


< .Hi 


(. 11 . 

ItN-^N 

A., A 


Rev will 1 


It gave good results when incorporated, in proportion of 3%, into a double 
base powder containing, 56% nitrocellulose (12.0% N). 27% nitroglycerine. 9% 
dinitrotoluene. 4% dibutylphthalate and 1 % mineral oil. 

Who the propellant was kept for 1 2 days at 100°C, compound III was trans- 
formed in mononitro-and dinitrophenyl derivatives of III. 

The substance was tound to be unsuitable for stabilizing simple base powder 
J -e to its insolubility in ether or ether- ethanol. 
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Volk [33 1 also described the stabilizing action of a number of compounds. 
Some lead-salts such as lead salicylate and stearate appear to possess good 
moderating’ properties, that is, moderating the decomposition process. As men- 
tioned previously lead salts improve the ballistic properties of propellants lower- 
ing the temperature coefficient of burning propellants and helping a •plateau' 
burning. 



kinetics of Decomposition 

The kinetics of decomposition of single base powder have been studied by 
Mavct and I.ucotte [34 1 . They found the activation energy E = 27.5 36.3 kcaF 
mol tor the temperature range 80-100°(\ 

The kinetics of decomposition have also been examined by Mrzewinski [28| 
who rationalized it on the basis of the change of diphcnylamine. lie came to 
the conclusion that free radical II does not play a role in the kinetics of the de- 
composition of powder. 


Electric Susceptibility of Single Hast- Powder 

Mrzewinski (28] examined the electric susceptibility of a single base powder 
to detect whether decomposition of nitrocellulose and changes of diphcnylamine 
< f ionic character, f irst the change of dielectric constant with temperature was 
examined. It showed a trend presented in Fig. HO. typical for dielectric poly- 
mers. There is an abrupt increase of the dielectric constant with the increase of 
temperature around ~12°C. The change in the dielectric constant with the age 
ol the powder is given in Fig. 1 1 1 . A similar trend was observed with laboratory 
ageing of powder at 106.5°C; there is a slight fall ol the dielectric constant wi:h 



T( £ C) 


MG. 110. Dielectric constant of single-base ponder against temperature. 

according to Mrzewinski [281. 
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FIG. 1 1 1 Change of dielectric commit ot single-base pooler with the age of 

powder (Mr/.cwirhk: 1 281 ). 

a minimum alter ui. 24 hours of keeping at this temperature. This is probably 
connected with the change of rational movements of fragments of functional 
Rfoups. 

Erosiveness of Smokeless Powder (Vol. Ill, 53 1, 548) 

Lowering of the erosiveness of smokeless powder can he achieved by lowering 
its calorific value. Such is nitroguanidine containing powder (Vol. Ill, Tables IK7, 
191). Recently the addition of titanium dioxide and silicon dioxide were sug- 
gested as erosion reducing agents [47] . 


MANUFACTURE OF POWDER 

Single Ease Powder 

Very little can be added to the description in Vol. 111. pp. 571 641 and pp. 
663-664 on the methods of manufacture of single base propellants. 

On the other hand great progress can Ik* seen in the manufacture of double 
base powder, particularly for rocket propulsion. 

Double Base Powder (Vol. Ill, p. 641) 

A few monographic descriptions exist, such as that by Sarner [35] , collective 
volume [36] , Encyclopedia [1] and [37] , Tavernier [38]. 

Traditional Double Base Powder 

Little can be added to the description of the manufacture of traditional 
double base powder of the ballistite type (Vol. Ill, pp. 647-65 1 ) where hot roll- 


CTf . - I 
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mg K the essential operation for manufacture (Vol. Ill, Figs 259 260) Hot 

roU,ng IS a,° , he central of Ihe manufacture „f loIve „u J 1 . 

,n fL PreS5,ng ' r0 " ing ^ ,he Kemira f3C,0r> ‘ (FinUnd > depicted' 
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(1) Cast propellant, 

(2) Slurry cast propellant. 
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l ie. 112 Mo, '“Hint of pcwd„ In Kcmin, facto* (Courtly of 

KcnuuOY, Vjhtavuori. Finland) 


Socket Double Base Powder 

* -* »■ - * 

(Vo t l U m 8 p W 68n W r " '| he Gen "n ns USCd TNT ' niI «*eU U Iose caM ptopellan. 

: P : 6 f l) A s " mlar P ro P-H»n! was developed bv T. Ifrbariski |4ll 

Sls-T; ,E W ° ,ld WJI " " "-composed 1 'of TNT, low “,1^0 
lulosc, potassium nitrate and aluminium 

tSZZSZZZ <v “'- -■ 675 > - ”** « p- 


CAST PROPELLANTS 

Some information based on the description by Steinbergcr and Drechscl [40] 
is given here. They give the composition of single hase, double base and com- 
posite cast propellants in Table 1 23. 


TABLI 1 23. Cast propellants composition (40) 


Ingredients 

1£. 

s 

n 

Base 

Doable Base 

Composite propel. anl 

Casting 

linidied 

Casting 

Finished 

< ’a sting 

finished 


powder 

propellant 

powder 

propellant 

powder 

propellant 

N.trocellulosc 

8 S 

59 

75 

50 2 

30 

22.3 

Nitroglycerine 




44 

10 

ITiMicizet 

5 

56 

1 / 

32,8 

1 cad vails 

<e g. lead stearate)* 

5 

3.4 

6 

4 



NII 4 OO 4 





28 

20 . H 

Al 





29 

21.6 

Stabilizer 

2 

1.6 

2 

1.8 

3 

2.5 


• ‘iLilliMu- Additives'. 


Method of Manufacture 

Casting powder is composed of small cylinders of ca, 1 mm diameter and 
length. I lie rnanufactuie of casting powder consists in the operations as follows 
typical for smokeless powder [40] : 

1. Mixing in the presence of solvents (alcohol/cthcr), 

2. Extrusion by cutting the threads, 

3. Drying to remove the volatile solvent at 60° C, 

4. Finishing by polishing and covering with graphite, screening. 

Propellant manufacture from casting powder and solvent consists of the follow- 
ing steps: 

a 

1. Pilling a mould with casting powder, to occupy ca. 68% of the volume, 

2. Evacuation by reducing the pressure below 10 mmllg, 

3. Casting to fill the interstitial space with casting solvent - a mixture of 
nitrocellulose and plasticizers (Vol. Ill, p. 677, Fig. 270). 

The casting solvent may be introduced from the top, from the bottom or 
radically from perforated cores. 

Sonic types of casting powder arc best cast in vacuo , and some under 
atmospheric pressure. 
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4 ' SKtS: - — — «. 4 w 
(Fig- 1 13). g/Cm ' v " h a P ,slon “ applied on the solid 


Solvent pressure 


Casting powder 
and solvent 


* " l r, “"‘ ~ - — 

fo„““ ft. b„ blllilllc 

^h'il an iIbdo r ^yL b mb U sC^n•^ a ' i0, ; '’ f «.o .he lining 

p - 677 ’ Fig. 270 and Fig. | |s Ihis vo'nn ,I» 7 ‘ ^ P " ,ycMn (Vol. III. 

examined modifications of the con.pS.kS'nn-' ^ MaU,i ‘ ier ,nd T ™chant |«| 
hat b y introducing electron acremi , b , nm * and ca "' f the conclusion 
7 mi * ,ali0 " could be inhibited The d/c'.ZV"' 0 ^ COmposi,ion of «hc lin- 
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110 1,4 Cal * ^tns of rocket propellants. C ellulose acetate Inhibitor is 

shown on the periphery of grains |4()J. 

slurry-cast propellant. Olin Mathicson ball powders of various sizes (Vol. Ill, 
pp. 632—639) form a good basis for slurry cast propellants. Tiiey have been 
known and used for this purpose since 1947. A novel method of producing 
spherical nitrocellulose with an average particle size of ca. 10 /i was developed in 
,95Q b V Navs,! Ordnance research units. Tlic method consists in complete solu- 
1:0:1 ol nitrocellulose in nitromethane and dispersion in water with the aid of a 
colloid mill and an emulsifying agent. 

A typical composition of the propellant is as follows [45] : 


Spheroidal nitrocellulose 

(12.2 or 12.6% N) 5-20% 

Nitrate esters 

(nitroglycerine, DEGDN etc.) 25-40% 

Desensitizing plasticizers 

(e.g. dibutyl phthalate) 0-10% 

Stabilizers 

(centralite or 2-nitrodiphenylainine) 0.5-2.0% 

Oxidizers 

(NH 4 C10 4 ,RDX) 40-50% 

Metallic fuel 
(Al. Be) 


0 - 20 % 
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JT 8 ' S Carried ° Ut fa **"»»- « * *. inert U quids of pllnetaj> . 

i d S: d rr 3 T° n - 

peraturc of mixing i, maimamed bell^oY .olS a '"' ° Xid “ eiS The ,em ‘ 

and an increase of viscosity After fomiin .1 i, d excess,vc gclatinization 

a few days. Rubber bning U a c °S "7 " * CUred al ' ,0 <*° ' '<» 

<ec. .he outer surface of L charge SyS ‘ ern W3S used P>° 

SCREW-EX I RUSION PROCESS 

r m r 659) * a - a - d ^ 
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■ng m .he same direction see .he monograph by Jamsen'llfcl' 'TijU f“ ^ 
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Transport direction 
HG. 1 1 5. Tw 


Transport direction 
,n cx,rusJ °n. according to Janssen (46) 


r. $£* ZT‘°° “* ** — ’ W B 

The 


Parer by I ion, burg and Bracher. [4S| describe* .he steps as follows: 

J ' fixing of ingredients und«' 

(2) Dehydration to 15-20% 


kneading, 


water and gelatinizing the propellant charge by 
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(3) Granulation of the kneaded material for further dehydration and gelatin- 
ization in the granulating plant (I), 

(4) Blending of the granulate, 

(5) Second granulation in granulation plant (II), 

(6) Drying the granulate in the drying plant , 

(7) Shaping of the pellets into the raw grain, in the extrusion plant. 


Kneading is a double-disc screw, that is, an eccentric disc mounted on two 
shafts rotating in the same direction, the screws are water cooled. Feeding of 
kneader is continuous. 1 he water is thus separated from the material. 

Granulation consists of steps: granulation (1) of lumpy material which returns 
to the mixing unit and hack to granulation and to a twin-screw extruder. 

Granulate 1 passes to the blending unit and then to granulation unit II. The 
material is dried and shaped in the extrusion plant with a twin-screw extrusion 
extruder with two shafts rotating in the same direction. 

The propellant is plasticized in the twin-screw extruder and the final shape is 
eventually given. 

The propellant is composed of nitrocellulose, nitroglycerine, plasticizer and 
stabilizers. The method i> used to make tubes or cigarette burning cylinders. 

The advantage of the described process is in it being continuous, with mini- 
mum personnel at a remote control. 

f igure 1 17 shows a roller conveyer of the finished tubular product |45J . 

Bofors Nobel fhematur |4N) have recently described a novel method of 
making a double-base powder as depicted in fig. 1 IS. Nitrocellulose, nitroglycer- 
ine and additives (c.g. ccntralite and a solvent) is to pelletize the powder paste, 
this is done in batches. All the ingredients arc charged in the form of a slurry 
together with a solvent, to a pelletizer ( 1 ). The slurry is heated and the solvent 
makes the nitrocellulose fibres stick together in pellets of about 1 nun size. The 
heating continues until all the solvent is driven ofl and recovered. The upper and 
lower parts cf the pelletizer arc shown in Figs 119 and 120 respectively. The 
slurry in the pellcti/.cr is cooled and pumped to a storage tank (2), where the 
pellets are settled in water. The water in that tank is used for the next pellet 
batch. 

The peiletizcd material is transported as a water suspension to a screw ex- 
truder (3). The extruder drains the pellets, kneads them to a homogeneous 
material and extrudes through a slotted tube of propellant. The slotted tube is 
cut into granules (Fig. 121) by a rotating knife and stored under water in 
another storage tank (4) When enough material has been produced the granulate 
is agitated to form a uniform mixture and transferred to the second tank (5). 

In an extrusion the granulate of the second storage tank is transformed into 
the finishing propellant by the same type of extruder as in the first extrusion 
step. The propellant tubes, single or multiperforated are extruded through the 
dies (60 directly into flowing water which transports them to a cutter. T hey arc 
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MO. 117. Roller conveyer of finished 


Courtesy Dyiuirnit 


recovery 


Nil*! A.G., D-5000 Koln (Dcfllnuck). 


Pellewerd, Storage tank (21 Extrude. (3) Storage tanks Extruder (6) 

(4) a'-d '5) 

I'-IC. 1 18 Novel method of t aking a double-base powder of Bofors Nobel 

C licmatur. 


Powder paste 


Granulate 


Propellant 


NC * H 7 0 
NG » H,0 
Add. * H ? 0 


Solvent 
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1 ,G 1 ~° Pcllelizcr of a double-base powder lowci pari 
(courtesy Hofors Nobc! Chcmaiur). 
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F,c v 1 2I - Granules of a double base powdoi 
(courtesy Bofors Nobel Chem .tur). 

w “ ,h ' '»-»-“»■ f *>** n. „ 

Th _ , ,r,SIcJc l,,c roo,n for final extrusion and Fig. 1 21 (he cullers 

n>c mean production is 50 kg/hr per extrude, “• 

.I.e'ex.,u^r7-n h " CXpeihnced a explosions caused by ignition in 
Classical Extrusion Method 

of ?h C eX,rUsion method of double base powder by rreans 

of a heated hydraulic press Werne, and Pfieidcrer is shown in f£ 1 24. 

HIGHER ENERGY SMOKELESS PROPELLANTS (VoI. III. p. 670) 

The attempts to increase the energy of smokeless powder by addins a con 
ZTZIZ ° f PE ™ did n ° l ^ b£ > C " d large-scale experim J, Z 
' * ,ave a (chap,ei x,v) does - -» * 


‘CMflk'ri tcc unwnitu 
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FIG. 122 . The room for final extrurion of a double bav powder (courtesy Bofors Nobel Chematurj. 
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I l(. 124. Modernized classic.il heated cKifiisnn press I. i double-base powder 
I Courtesy Werner * Pfleidorer. IF7000 Siuitjurl, I RG). 

Nevertheless there are continuing attempts to introduce such compounds as 
KDX and 1IMX into smokeless powder. Thus Sumi and Kubota (49| described 
double base powder containing up lo 27% UNIX. 1 he propellant was charac- 
terised by a low exponent n even at low pressure: n - 0.3 at 20 atm. 

The addition of RDX or UNIX into composite propellants is also known 
see Chapter XXIII. 
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CHAFFER 23 

COMPOSITE PROPELLANTS 

(Vol. Ill, p. 365) 


INTRODUCTION 

Ruth and ( opener 1 1 1 formulate composite propellants as follows: 

‘Composite propellants which arc used almost entirely ir: rocket propulsion 
normally con:. ;• solid p ase • ‘xsdizer combined with r polymeric fuel binder 
with a Cl I, < ilj-strucluic. Practically speaking ammonium perchlorate is the 
only oxidizer which has achieved high volume production, although ammonium 
nitrate (AN) has limited special uses such us in gas generators. Other oxidizers 
which have been studied more or less as curiosities include hydrazinium nitrate, 
nitroniurn perchlorate, lithium perchlorate, lithium nitrate, potassium per- 
chlorate and others. Among binders, the most used are: polyurethanes, poly- 
butadicne/acrylonitrile/acrylie acid tcnnopolymers and hydroxy-tcrminatcc 
polybutadienes.' 

According to recent information |2|, the space shuttle’s orbitcr Columbia 
was powered by two solid rocket motors with a propellant which consists of. 

ca. 10% Ammonium Perchlorate (AP), 

1 6% A I powder, 

1 2% polybutadiene acrylic acid acrylonitrile (PBAN) termopolymer 
(a combustible binder). 

2% liquid epoxy resin (a curing agent), and in addition 
0.1 7% iron oxide powder (as a catalyst). 

I.acli rocket motor is loaded with more than one million pounds (ca. 454,000 
kg) of solid propellants. 

Hie problems of Composite Propellants is a fast developing branch of propel- 
lants chemistry and technology. The following are monographs (in addition to 
those mentioned in Vol. Ill) dedicated to composite propellants: (3 8, 27). 

I he Encyclopedia of Kaye [1] and collective volume [6] arc particularly impor- 
tant sources of information. 

A vast amount of work is being done and continuing progress now merits 
a special modern monograph. Only the principles of the formulation of compo- 
site propellants and their manufacture will be given here. The description will 


be based on difterent polymeric binders mainly with ammonium perchlorate. 
Some data on the thermal decomposition of ammonium perchlorate will he 
given here to complete the information in Chapter XVI. 


An important feature of ammonium perchlorate propellants is their decom- 
position a: high temperature. Differential (henna] analysis of NII 4 CI0 4 is given 
in Fig. 1 25. according to Samer |4|. ll can be seen that appreciable decom- 
position occurs at temperatures lower than the main exotherm. 



I K. 125. Diflercniul tlurnwl .truly *6 of NII 4 OO 4 from I’nipclkint C'li.-m- 
tstry > Stanley JTrnci M. Copyright © 1966 by Van Nostrand RcnilioUl 
(om|toiy. Reprinted by permission of the publisher. 


The ammonium perchlorate crystal si/e is of great importance. 

Baldwin and Reed | J4) give figures for the rate of burning of ammonium per- 
chlorate composite propellant depending on the size of crystals of the salt as: 


Particle size 

Rate of burn 

of NII 4 CIO 4 

cm/sec 

75 p 

5.1 

35 p 

6 1 

15 P 

7.6 

5P 

9.2 
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POLYURETHANE BINDERS 
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COMPOSITE PROPELLANTS (Q . 
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propelUm*, j4rding^mo|^ P ° i,,IOnS af llllalum "' ii - d polyurcihane reiin 

TABLE ‘24 Polyurethane resin pmpellanis JPl X500 
Componentt \\t% 



70% 

y 09r Oxidizer 

NIUC104 



ground*) 
onground*) 
l%,, » Propylene gl>vol 
I* luc.ic l)ii\ocyj| C ( in|, 
1, 2.6-1 fcxnnelriul HIM 
1 erne acetyl acetoiufe 

21.0 
49 0 
23 9 
4.8 
1.2 
0.1 

24.0 

56.0 
15.9 
3.2 

f) S 

n.i 

and 

l 0% ground 


and miNal modu n |l^ '’T'Ts w?* ,,,CnB ‘ h ’ 

(o,Z^Z arc 

specific impulse ,,f ammonL^^I. T T' l " 1 ' " lc « l ='"»led 

«iier) binder (max. /, 247 s , ^ C ‘ C jl " ,nln,un ’ P»)yurcthane (poly. 


POLYBUTA DIENE BINDERS WITH CARBOXYLIC FUNCTION 

He JTS^t^tSSf ia,b ° Xyl “ -I- — - 

are co-pi, !>•,„*„ used in ,1 „ .vcc ' ' ™TT ^ '^"I! 

Klagcr |1|): >1 of propellant, according to Maslrnlia ami 

' 1 1 butadiene and acrylic acid (PBAA) 

III ;S:r[ bU,ad ' e - aCryliC ndd and ^y'oni.rilc (PHAN) 

' - thc carnox >' 1 ^nnmate polybutadienc (CTPB). 

Jf Tnul mcl J r ri - plion fro '" " ,e sa, " e ~ 111). 

*2. ^r;r,r ;s: »* - --- - « - . 
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lie. 12ft. ( .ilculateil Specific Impulse .»i .iinjiioiuum pert Morale ..lunin- 
,um polyurethane (polycrlier) tumid. according toOhcith ami Hr jem er I V] 


ami ihcrctore did not possess proper mechanical properties. The use of such 
polymers was eventually discontinued 

(2) PBAN was also made by emulsion polymerization Mechanical properties 
«>i polymer wcic improved through stone action by introducing acryio: itnlc. 
Also acrylonitrile reduced deteriorating action of oxygen on double bonds of the 
polymer as known to be suppressed in nitrile rubber 

(he following arc data for the physical properties of PBAN: 

Molecular weight 3000 4500 

Viscosity at 25°C 300 350 poise 

Density 0.93-0.94. 

Ihc composition ot propellants with I ’LEAN and of increased energy throug: 
the addition of A) is kept within the limits in wt.%: 

NHCI0 4 60-84 

PBAN I2-I6 

A! 2-20 

Stabilizer 0-| 

Curing agents 0.2- 1. 0 

The resistance against the action of oxygen can be seen from the effect of 
keeping the propellant in oxygen atmosphere at 105 c Cat % hours: 
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Hardness 


internal 

surface 

Before the action 

40 

40 

After 96 hours 

49 

47 


The PBAN preparation can be presented by scheme (3). The butadiene 
acry lic acid-acrylonitrile can be varied over a wide range. 


til. nr, 

1 11. (II. 
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The acrylic acid and acrylonitrile arc fed into the reactor containing the buta- 
diene emulsion and the chain termination is achieved bv adding a mctcaptan 
vs .er the molecular weight readies 2000 -4000. After that an antioxidant is 
added, he polymer purified by washing with water and vacuum drying. 

lo I twin a three-dimensional structure the curing reaction is carried out 
through di functional epoxides (4) or aziridincs (5). R is curing agent radical e.g. 
(6). Carboxylic groups supply A'-hydrogen atoms. ITie PBAN polvmer has a 
su me tent number of functional group to produce a firm gel without using separ- 
ate cross-linking agents 
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K! mu 

(6) 


(.?) CTPB - Carboxy Terminated Polybutadienc free radical terminate, poly 
mers. 

Iwo methods have been given by Mastmlia and Klager ( 111 . ()„ c of the 

methods is by using the glutaric acid peroxide as (he inihator of free radical and 
butadiene ( /). 


' " M ~ K — f, — ° — ° — c — f*' 00M 

II II 

O o 


: • r« no 


« ii»- 1 


— R — coon 


C TPH t R = (',11* ) 


( 7 ) 


Another method used 4.4hazobis-4cyanopentanoic arid as the initiator 
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Here is an example of the composition of a CTPB propellant according to 
[28]: 


Ammonium perchlorate 

A1 powder 

CTPB 

Ferric oxide 


80.0-80.9% 


14 

0. 1-1.0 


H YDROX YTERMIN.ATEI) POLYBUTADIENE BINDER (HTPB) 

An example of a composite propellant with hydroxyterminated polybuta- 
diene binder is given here [28| : 


Ammonium perchlorate 
Al powder 
IITPB 
Ferric oxide 


77.6 76.0% 
10 

11.6 

0.4- 2.0 


CURING BUTADIENE POLYMERS 


( a r boxy I terminated polybutadienc polymers require curing in order to form 
a tridimensional network. Poly functional epoxides and aziridines ate used for 
cross-linking. 

When making propellants with ammonium perchlorate the oxidizing proper- 
ties ol tne latter produce side reactions interfering with the action of the curing 
agent, this involves the formation of a less complete thiec dimensional struc- 
ture. 

I he structure ol a lew epoxiJe anj aziridine curing agents are given (II 
VIII). 

i.poxy compound IV exhibits a minimum of side reactions in the presence of 
ammonium perchlorate. Fpoxy curing agent II shows a high reaction rate but 
side reactions dominate in the presence of ammonium perchlorate. I he com- 
pound HI I A (V) can be subjected to various transfoimations shown in scheme 
(6). They also possess similar properties as V but are less active. Zirconium 



O— Cll ; ( H— ( H, 


CHjCH — ( II, 



. mi 


I RLA-0510 

II 


I pnn X-801 

III 
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acetylacetonate is an effective polymerization catalyst and can be added in quan- 
tity 0.5 wt. %. Propellants made with MAPO (VII) possess pood properties but 
a problem arises with ageing, probably due to the presence of P N bond A 
mixed curing agent made of VII and II gave more satisfactory results. 

The tact that a variety of reactions given by different curing agents led to 
developing mixed curing agents composed of both epoxy- and aziridine com- 
pounds. This is still a developing side of problems of composite propellants - 
a specialized problem - connected with polymer chemistry and technology and 
outside the scope of the present book. 

Figure 127 gives theoretical specific impulse for ammonium perchlorate-Al- 
polybudiene propellants. The maximum specific impulse was calculated as high 
as/ s = 266s [1 I]. 
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I IG. 127. Calculated specific impulse of ammonium perchlorate aluminium 
po!> butadiene (PHAM according to Mastrolia and Klagcr (II) 


POLY (VINYL CHLORIDE) PLASTISOL PROPELLANT (PVC) 

According to the description by Rumbel |12| PVC plastisol propellant con- 
sists of ammonium perchlorate, uniformly dispersed and cured PVC plastisol 
A number ot propellants have been developed by the Atlantic Research Corpor- 
ation under the name Arcite. 

Standard Arcite has the composition in wt. %. 

NH4CIO4 

(equal parts of coarser and finer passing through 


mesh 62 p) 75.0 

PVT ‘ 1 2.5 

Plasticizer (dibutyl sebacate) 1 2.5 

Stabilizer (undisclosed compound) added 0.4 


flic influence of adding aluminium (or magnesium) to increase the specific 
impulse / b up to 242 s is given in Fig. 128. One of the aluminized propellants Ar- 
cite 373 D has the composition in wt. %. 

NH 4 C10 4 58.9 

Al 21.1 
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PVC 8.6 

Plasticizer (2-ethylhexyl adipate) 10.8 

Wetting agent 

(a mixed detergent: glycerol pentaerythritol dioleate, 

dioetyl sodium sulphosuccinate) 0.25 

Stabilizer (undisclosed) 0.35 



750 71.8 683 64 4 60 0 

OxiCi ter (per cent) 


FIG. 128 Increase of specific impulse of PVC Plastisol Propellants by adding Al 
and Mg according to Rumbel et at. in ( 121 . 

A stabilizer is added to retard the decomposition of PVC during curing, which 
is carried out at 150-175°C. Because of low thermal conductivity, several hours 
are required to raise the central portion of the propellant gram to curing tem- 
perature. The portions of the grain close to the source of heating may show a 
tendency to decompose and stabilizers are added to inhibit the decomposition. 
It is advisable that the stabilizer should be able to bind the hydrogen chloride 
which would decompose the polymer. However propellants with aluminium 
powder show better thermal conductivity and hence the time of cure can be re- 
duced. 

This is of course related to all composite propellants with aluminium. 


COMPOSITE PROPELLANTS 


613 


HIGH ENERGY COMPOSITE PROPELLANTS WITH HMX (OCTOCENE) 

Attempts have been made to introduce HMX into composite propellants. 
According to Sayles 1 13] propellant ‘D* is composed of: 


Ammonium perchlorate 19.2 wt. % 

Butanetriol trinitrate 25 7 

HMX 48 '.S 

Ethyl acrvlate-acrylic and co-polymer (FA/A A, 95/5) 4.6 

Dicpoxydicyclohexyl carboxylate (curing agent) 1 .5 

Carbon black 0.5 

Specific impulse /* = 262.4 
RDX can be substituted for HMX. 


Some other composite propellants were suggested with nitrogen difluoride 
groups, for example 1 .2,3-tris[l ,2-bis(difiuoroamino)-ethoxy propane) but high 
cost of the compound did not seem to encourage its use 1 1 ) . 

ROLE OF INGREDIENTS ON PROPERTIES OF 
COMPOSITE PROPELLANTS 

This problem is discussed in detail by Fluke (14] and here is a brief descrip- 
tion of his paper. 

Ammonium perchlorate of various fineness is used to give a better 'packing*. 
Particle size distribution is of great importance to density, rheological proper- 
ties of the viscous mass, mechanical properties and burning of the propellant. 
Rheological properties obviously depend on polymer binder which is of course 
the combustible ingredient in propellants. 

Here are some ot the outlines given by Fluke on this particular matter: 

(1 ) Formula optimization. In the fonnulation of new propellants, it may be 
desirable to optimize certain rheological characteristics. 

(2) Formulation charactenzatinn. Prior to using a new propellant formu- 
lation. the material should be fully. characterized and analyzed theologically. 
Processability predictions may be extrapolated. 

In quality control it is necessary to check rheological properties of propellant 
samples. 

In addition to the above, the following are remarks on some components of 
composite propellants according to the existing literature. 

Plasticizers have a very important effect on physical properties of the cured 
propellants and on the variation of these properties with temperature. Long 
cr.ain aliphatic plasticizers improve low temperature flexibility. An increase in 
plasticizer viscosity obviously leads to an increase in viscosity of the mixed pro- 
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P, ‘ f UC Ch “« ed by *-*"« P^ticizers. 

ing cure [15], which a^e cauMd'h!"''^* Z f °™ a ' ,0n of cracks ind voids dur- 
peliam. Specific processing conditions^ 3 * 6 Solldinca,ion °f «*» pro- 
ia.ion and rocket size according to Arendale flT] MCh P,0P '" am f0rmU ' 

«n,s and 

Metals- 

■ h>pii p “ ,,tb ™ « *- ■ 

.n»^,r7r‘rrj“:r ,,y r' * r “ w m*. „ 

burning as recorded originally in PVC Dla^kT Ujnl ’.. Wh,Ch r mcrcase lhe ra!c of 
now a genera! practice h! com “ pr ° peU , an,s I 12 ) but seems to be 

the composition before cure When dl nrs ; MclaI w,r « are introduced into 

from the unburned propeUant, ^theZ-- bU,ned ' hC """ " ,l!nd 
beat transfer and thus burnine alone th . lh<?y pr0V,dc palhs for ' a P«d 

ticularly efncient are silver and Conner W " C “ t* 5 "' ' han ° U,side ,hc w,,e Par- 
plastisol propellants (Table 1 25). ^ “ descnbed b >' Rum bcl - for PVC 

TABLE 125. Burning rates along S-mm wire, PVC propellant, 
according to Rum bcl era/ fill P P 


Wire 

C. i 

Burning rale 
alonje mrc 
cm/s 

Ratio of 
burning rate 
along the wire standard 

Properties ot 
metal melting 
temper ature 
°C 

Silver 

Copper 

Aluminium 

Magnesium 

Slccl 

6.76 

5.92 

2.96 

2.45 

2.04 

5.3 

4.6 

2.3 
1.9 

1.6 

960 

1083 

660 

651 


Catalysis (Vol. 111. pp . 369, 394) 

as ammonium PerChi ° ra,e “ d °‘ her SUch 

monograph by Glazkova [ 18 ], ^ °' ale e ' C ' “ w,dely desc,ibed in the 

AI.B°Mg N o„ [ sUady’buming of CaI,ly ‘ iC 3C,i ° n ° a " d powde ' ed me!als - 
steady burnmg of ammon.um perchlorate under low pressure 
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J*?** aC 'T ° f , ir0n 0xides < mainl >' f«tous oxide) was described by 

Ivt Tc“rof C Fe W F n 1 F 1 n They ’ he literature - th. cata 

fu O n.n r l F J ° 3 ’ Fei ° 4 ’ or 8 a ™-»ron compounds, Co 2 0 3 , NiO, Cu, 

cWondes ' Cfa0a - sal,s of chromic 

CohZ^ln Ca ' alyS ' m i 'r' i e° ned ,n ,he descri P ,ion of lhe space shuttle’s orbiter 
Columbia |2| was probably ferric ox.de or a mixture of various iron oxides. 

BURNING COMPOSITE PROPELLANTS CONTAINING 
AMMONfOM PERCHLORATE 

'* h “ * en ft™ ,ha ' Pe«:hl0ric acid is liberated from the solid fuel and re- 
acted further . Gilbert and Jacobs [21] found that the major products of de- 
composttton of perchloric acid ate oxygen and chlorine which further react with 
C °^ P0U " d : 10 yieW C0 ’ HC1 ’ H * a " d chlorinated short chain hydro- 

La' 1 mechamsm ol fuming comprises the depolymerization of the 
organic solid phase to gtve gaseous fuel fragments which react further 1221 . 

temz and Summerfield [23] reviewed existing theories on burning am- 
monium perchlorate under pressure between one and 100 atm. and built a 
*“;; P ;“ ,IOn ° k r ,bc "«*»«»> In the firs, stage the dissociation 
(0/F) zoIie N 4C °* ml ° NH> 3nd Hn0 " (A/l ’ Aland reacted with oxidant/fuel 

pellImsisToV XP ° nCm " lr ° Und 100 3,m f ° r ammonlum Perchlorate pro- 

Pepekin. Apm and co-workers |28] attempted to rationalize the rate of burn- 

'omi'- isHM P ““ C , P '° ?eUamS Wi,h Jmm ° niUm Perchlorate as a function of the 
combustible ingredient. They came to the important conclusion that the rate of 

rhemT, 8 ,. l!f T' t CPCnd ° n ,he l,Ca ' ° f bU,ni " g ’ bU ' °" ,he S,ren *"> »f the 
cl.em.ual bond rn the combustible substance. A striking example was given by a 

75 S nT 7 u"°7 ne ', ° n ,he basis of ,lie enlhai Py the bond C-Fe (which is 

5.0 kcai/mol) .t should be expected that the burning rate would be similar to 

ZSl;rr m r C "™'' Wl,h amines The la,,£r l,ave »>« enthalpy of 
on . equal to /3 kcal/mol. However experiments show that the rate of 

burning ot mixtures of ammonium perchlorate with ferrocene are nearly three 

tunes higher than that of ammonium perchlorate with amines. 

7: e authors found an empirical equation: 


whei 


u = 0.9 - 0.005 E cm/s. 


u - the rate of burning of the mixture. 

the energy of the weakest bond of the combustible material. 

The bond C - Fe in ferrocene is very weak and ferrocene readily dissociates 
according to the equation: 
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Endothermic zeroth order 
Pyrolysis of solid fuel and 
dissociative sublimation of AP t0 
ammonia and perchloric acid 


Radiative heat loss 
from surface 
to Surroundings 


.Conduction* 
into solid / 


'hin premixed exothermic 
JVHj ♦ HCI0 4 reaction zone 
(pyrolysed fuel vapour serves 
as diluent! 


i 

= JO 0 *-**, • *• 

== Conduction from ’ 
= A/p A ana 0 /F zones - 

=~T ©f7. • • • * . 

c ® Om 

-» * 


Final 

combustion 

products 


Gaseous fuel pocxets consumed 
in atmosphere of A/PA zone 
combustion products 
Idif'us onaHy and/or chemical 
reaction controlled) 


k-(1) 


Is. c) (*. g) 


Temperature profile 


moma perchloric acid and oxidant/Ll VespccUvc.y ° *"* 


(C, Hj >, Fe 


Fe + 2 CjH«. 




MODIFICATIONS OF COMPOSITE PROPELLANTS 

■? C °T° S,te P, ° pellan,s are mainl > concerned with modifi- 
oxidizer. Ammonium nitrate (Vol. III. p. 383) is now less in use 
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owing to such disadvantages as high hygroscopicity, relatively difficult ignitabil- 
ity and polymorphism at different temperatures combined with a change of den- 
sity (see Chapter XVI). 

Potassium perchlorate shows a high exponent n = ca. 0.8 in equation rate of 
buming/pressure. It also gives high temperature of burning which can readily 
produce corrosion of the nozzle. 

The other perchlorates, such as hydrazinium, hydroxylaminium and nitron- 
ium perchlorates etc. are at present of theoretical interest only. Some of them 
(e.g. hydrazinium perchlorate) shows poor chemical stability and high sensitiv- 
ity to mechanical shock. 

Also hydrazinium nitrate does not seem to be a promising oxidizer. 

MECHANICAL PROPERTIES 

The mechanical properties of solid propellants are discussed by Kelly [251. 
In the U S A. the methods are based on instructions worked out by a Joint 
.Army-Navy- Air Force (JANAF) Physical Properties Panel and include uni- 
axial and multiaxial measurements of mechanical strength. 

They also include examination of the uniformity of the structure, detection 
of voids and cracks by X-ray examination. 

The problems of testing mechanical properties are outside the chemical 
problems and are therefore not included in the present book. 

MANUFACTURE OF COMPOSITE PROPELLANTS (Vol. Ill, p. 373) 

The principles of the manufacture of composite propellants outlined in Vol. 
Ill are still valid. They are also described by Fluke [14] who gave a few schem- 
atic presentations for preparing the mixtures. 

In principle they consist of: 

(a) preparation of oxidizer (grinding, screening, mixing), 

(b) binder and fuel preparation (polymerization). 

(c) chamber insulation and lining, 

(d) mixing of the propellant, casting into the chamber and lining, 

(e) extraction of the grain from the chamber. 

Mixing should be carried out in a kneading apparatus of the type shown in 
Figs 102 and 103. It should be done in a well defined sequence [16] . It is advis- 
able to add ammonium perchlorate at the end after aluminium has been added. 
This is for safety reasons, as finely ground aluminium with ammonium perchlor- 
ate can form a dangerous dust when suspended in air. 

Curing should not be carried out at a temperature above 80°C. After curing 
the extraction of the grains from the chamber can easily be done because ot the 
shrinkage of the propellant mass. 
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Pneumatic mixing of ingredients developed by the Naval Propellant Plant was 
depicted in Vol. HI, p. 390, Fig. 125 . 

As an illustration of mixing large charges, the following description can be 
given for preparing propellant for the shuttle's orbiter • Columbia ' 

The formula is prepared in 7000 lb (ca. 3170 kg) batches at a remote com- 
p ex in Utah operated by Thiokol Corp. The giant mixing bowl is of 2270 1. 
capacity. Mixing consists of the following steps: aluminium powder PBAN 
(polybutadienacrylic acid-acrylonitrile) polymer and ferric oxide powder are 
mixed. Then the epoxy curing agent is added without mixing so as to delay 
t e start of the curing reaction. The bowl containing this premix is transported 
y trailer to another building where ammonium perchlorate is added and blend- 
ed by remote control for explosive properties of ammonium perchlorate and the 
operation should be considered as dangerous. 

The mixing bowl is transferred lo another site where the propellant is poured 

into casting segments. Each booster is built from four such segments assembled 

in a reusable steel casing. It takes 20 hours to fill one casting segment. The mix- 

ture is then cured at 57°C for four days and takes on the consistency of hard 
rubber. 


SHAPES OF THE PROPELLANT CRAINS (Vol. Ill, p. 366) 

A lull description ot possible shapes of grains and the pressure developed with 

time of burning has been given in a monograph |3) and is partly reproduced 
here- Fig. 130. 

The most advantageous arc shapes (2-cigarette burning), (3) and others (7- 
IU) giving a constant or nearly constant pressure. Tube without inhibiting lavers 
(4) and plain (I » are used when a high initial thrust is needed. Shape (5) and 
particularly (6) are much appreciated when a high thrust at the later stage of 
burning is required. 

EXPLOSIVE PROPERTIES OF COMPOSITE PROPELLANTS 

(Vol. Ill, p. 393) 

As mentioned in Vol. Ill, composite propellam detonate with difficulty 
because of their non-porous texture and very high density. 

When in powdered lorm they behave as most explosives: sensitive to friction 
and impact and detonate readily when in low density. 

According to information given in the Encyclopedia [1] the standard pro- 
pellant made of ammonium perchlorate. PBAN and aluminium can detonate 
when RDX is added. Thus with 4.75, 7.1 and 9.2 ?c the critical diameters were 

found to be: 28.2, 13.2 and 6.9 cm respectively. No rate of detonation was 
given. 

Bemecker and Price (26| determined the rates of detonation of mixtures of 
ammonium perchlorate and wax (Table 126). 
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SP— —— 


Compositior 

NH 4 CIO 4 

1 

Wax 

Denjity 

90 

10 

0.93 



1.20 

80 

20 

1.52 

0.91 



1.10 



1.40 


Diameter 

cm 

7.62 

7.62 

7.62 

7.62 


Critical 

diameter 

cm 

0.65-0.95 
0.65-0.95 
ca. 5 

0.65-0.95 
0.65-1.27 
ca 5 


4070 

4540 

**480 

4790 
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CHAPTER 24 


PROBLEMS OF SAFETY IN 
THE MANUFACTURE AND 
HANDLING OF EXPLOSIVES 

The fact that explosive molecules are designed in such a way that they should 
burn, explode or detonate requires of course that their manufacture, handling 
and transportation should be carried out with special precautions. 

Wide monographs recently appeared on problems of hazards and safety with 
explosives (14, 15) . 

MANUFACTURE 

Precautions which are necessary in the processes of manufacturing explosives 
were described in the texts dedicated to their manufacture. However, there are 
a few principles common to all processes. These are: 

Remote control of the functioning of production apparatus which should be 
provided with the elements connected to the remote control. The following are 
the most dangerous to manufacture: 

(a) black powder, 

(b) nitroglycerine and similar 0-nitro compounds, 

(c) initiating explosives and their mixtures. 

Remote control ensures that not a single person is present in the proximity of 
the production apparatus. 

There is however a danger when automation is not functioning correctly and 
has ceased to be reliable. This may lead to a disaster (e.g. an accident in Biazzi 
nitroglycerine plant in Bhandara, India in 1975) (1). In this case automation be- 
came dangerous. There is always a need for human control in the functioning of 
automation. 

The remote control of temperature is needed in the course of nitration as 
described in Chapters VI, VIII, XI, XII and in making initiating explosives and 
their mixing, mixing of commercial explosives (Chapter XX), making smokeless 
powder (Chapter XXII). 
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STATIC ELECTRICITY 
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pets where certain explosives are handled. 

The charging of smokeless powder was described in detail by Uetake and Sato 
(121 • See also Vol. Ill, pp. 542-543, 682, 684. 

For one exceptional sensitivity of lead styphnate to static electricity and 
danger of discharge see Vol. Ill, pp. 217-218. 

FOREIGN BODIES IN MIXING MACHINES 

Foreign bodies present by accident or carelessness in mixing machines, such 
as kneaders have frequently been responsible for accidents. The otherwise safe 
kneaders of Drais. Biazzi, Werner and Pfleiderer can become a source of danger. 
A few accidents of this type have been described by Biasutti [ 1 ) . 

CONSTRUCTION OF EXPLOSIVE FACTORIES 

There is currently a tendency to construct buildings for the manufacture and 
storage of explosives which could prevent the propagation of a shock wave and 
thus reduce the area of destruction. Such were heavy underground buildings for 
some time favoured in Germany (e g. Vol. II. p. 1 22, Figs 62, 63). 

According to Kaye |5] currently much in use are laced concrete walls (Fig. 
131) forming a shock wave barrier, but more modern designs are those of ‘sup- 
pressive structures’. They are made of new ‘suppressive structures’ of several 
layers of louvered and perforated plates of angle iron and *z* bars. This allows 
controlled release of blast effects from a detonation within the structure. Sub- 
sequently a controlled release of blast effects occurs. 

DETECTION OF HIDDEN EXPLOSIVES IN LUGGAGE 

The increasing number of acts of terrorism particularly dangerous in air- 
flights have made it necessary to Find methods of detecting explosives hidden in 
luggage. Helf ( 6 ) gave a detailed description of the existing method, which con- 
sists in irradiating the luggage or suspect package with fast ncutrones followed 
by the measurement of 7 -irradiation from the activated explosive if present in 
the examined package. It is based on the assumption that most explosives con- 
tain nitrogen - usually greater than in items present in luggage. 

Here is a description of the process as given by Helf: ‘when an explosive is 
irradiated with fast neutrones a ,4 N nucleus captures the incident fast neutron 
and ejects two slow neutrons. The resulting nucleus 1 J N is radioactive and 
decays with a 10 min half-life to stable 1 3 C. In this last transition a positron 0 + 
is emitted. Because of its opposite charge, the 0 + is strongly attracted by the 
nearby electron; in the resulting collision, both the positron and electron are 
annihilated and in that process the masses of colliding particles are converted 
into two 0.51 1 MeV quanta of electromagnetic radiation. 
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FIG. 131. Typical laced concrete *all according to Kaye [51. 
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FIG 132. l ast neutron activation system for the inspection of airline luggage 
for the presence of hidden explosives, according to llclf |6l . 


TAGGING OF COMMERCIAL EXPLOSIVES 

It is now required in the United States that commercial explosives should be 
‘tagged’ in such a way that the detection and post-detonation identification ol 
explosives should be possible. Materials added to explosives for these purposes 
are called taggants. 

The information on taggants was given by Boyars [7|. They are tiny coded 
particles added to explosives during their manufacture that ‘can survive deton- 
ation in sufficient quantity to be recovered and decoded and, through distribu- 
tion records, allow the explosives to be traced back to the last legal possessor. 
They are incorporated in quantities of 0.05% or less by the explosives manu- 
facturers'. 

They are made of a laminated melaminealkyd core encapsulated in poly- 
ethylene wax. The core is colour coded by the inclusion of pigments. One ol the 
layers contains iron particles to make the taggant magnet-sensitive and one or 
both exterior layers contain fluorescent compounds which respond to ultra- 
violet radiation. . 

Obviously they should not increase the sensitivity to impact, friction and 

chemical (thermal) stability. 
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Two lypes of taggants are in use: 


Type A (unencapsulated) and C (encapsulated). 

Type B made of melamineacrylic resin is hard and has 
it seems not to be in use. 


sensitized explosives. 



GENERAL DESCRIPTION OF SAFETY 

A general description of safety in the manufacture, handling and storage of 
Reactive Chemicals’ and mainly of explosives is described in a Japanese book 
114] . It contains chapters on: 

1. Fire and explosion hazards from reactive chemicals 

2. Estimation of energy hazards 

3. Computational prediction of explosion, deflagration and exothermic de- 
composition 

4. Standard tests for reactive chemicals 

5. Screening tests 

6. Comprehensive evaluation 

7. Activities of safety organization in various countries 

8. Emergency response system for hazardous material 

9. Earthquake countermeasures. 
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CHAPTER 25 

TOXICITY OF EXPLOSIVES 


The toxicity of explosives was described in Vols 1 — III and more information 
has appeared recently as a result of the progress of toxicology and hygiene. Thus 
the former information needs some additions. An excellent review oi the toxic 
properties of more important explosives was recently given by Rosenblatt 1 1 1 . 
Some information from this and other sources will be given below. 


AROMATIC NITROCOMPOUNDS 

m-Dinttrobcnzene 

The toxicity of this compound is of a great importance because of its inten- 
sity and also because of the importance of the substance as an intermediate in 
organic industry. The toxicity of m-DNB was described in Vol. I, pp. 240-242 
and also in this volume: Chapter VI. refs [8. 82. 83]. Many fatal accidents have 
been attributed to poisoning by TNT were caused in fact by the impurities of 
TNT produced by the presence of small proportions of m-DNB. Rosenblatt 1 1 ] 
reported that 24.000 cases of poisoning with TNT were recorded dunng World 
War I and out of this 580 were fatal. During World War 11 the number c: fatal- 
ities was only 22. . 

This should be attributed not only to better hygiene (as pointed out by 
Rosenblatt) but also to the higher purity of TNT, because of a higher purity 
of toluene used for the nitration. 

As already pointed out (Vol. 1. p. 240) dinitrobenzene affects haemoglobin 
and damages the liver. 


2,4-Dinirrotoluene 

This compound - an intermediate in the formation of TNT. can also be an 
impurity of TNT. The symptoms of poisoning are similar to poisoning wi 
other nitro compounds the chief clinical findings are [1]: pallor. c >'* noS1 
anaemia in which the blood cells are of normal size and contain norma] * 

of haemoglobin. Patients recover from DNT poisoning after being tre 
DNT free atmosphere. 
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Nitroglycerine flj 

It is known in medicine as a vasodilator and there is an extensive literature 
or. its biochemical and clinical aspects. The most common dose isca. 0.01 mg/kg. 
Chronic human exposure to NG produces a methemoglobinaemia and the devel- 
opment of tolerance to the drug. Withdrawal from frequent exposure to NG may 
cause severe headaches. The LD S0 in rats is 822-884 mg/kg by oral admini- 
stration. It is toxic to fish, e.g. LD S0 1.38 mg/1. 

Nitrocellulose 

Owing to the insolubility of nitrocellulose, no toxic effect has been found to 
experimental animals including fish. 

N1TRAMINES 

Nitro guanidine 

it IS of very low toxicity. LD,„ in rats was found to be 4640 mg/kg. [1]. 
Cyclonite fRDX, Hexogene) 

More information has been collected on the toxicity of Cyclonite. Experi- 
ments with animals confirmed earlier findings on convulsions caused by Cyclon- 
itc. Important observations with humans were: the same effects were caused by 
inhaling the dust of Cyclonite and one fatal accident was recorded (3]. Rosen- 
"iai: ( 1 ) described acute intoxication of soldiers either chewing a plastic explos- 
ive ( -4 containing 91% RDX or using it for cooking and inhaling the fumes. 
RDX intoxication involves gastrointestinal, central nervous system and renal 
effects No liver involvement has been recorded and the cerebrospinal fluid was 
normal. 

Acute toxicity in rats (LD S0 ) was determined: by oral administration 200 
mg/kg and by intravenous and intraperitoneal administration: 18 mg/kg and 10 
mgykg respectively. Chronic toxicity by oral administration to rats gave variable 
results: in one series of experiments 10 mg/kg daily in rats for two years showed 
no toxic symptoms except a retarded weight in females. No carcinogenic effect 
was found. 

In fish LD S0 was found to be ca. 3.6 mg/1. 

Octogene IHMX) 

Very low solubility of HMX (as compared with RDX) makes experiments on 
toxicity of the compounds less conclusive than with RDX. So far it appears that 
HMX is less toxic than RDX [ 1 ] . 
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I.5bb(Difluoramino).2.4.diniimbenzcne 

1 .3.5- tris ( Difluorammo)-2.4-dinitro- 
bcnzenc 275 

1 ,5*bis (Difluorumino)-2.4-dinitro-h- 
fluorobenzcne 275 

1.3.5- lristDinuoramino)-2.4-dinitro- 

1 .2.3.4.5.6-htfxafluorocvclnhcxanc 

275 

1 .2.3-tris 1 1 ,2bis( Dilluor.iminn-cthoxv- 
propanc| 613 

'•Dillurojniino-trinitroani/.il 27 5 

3. 5. bis (Difluomniino)-2.4.ft-iriniini- 

toluene 275 

Ditluoramino group, compounds w uh 2 

1 .6-bis ( Dinuoramino)-hcx.ine 272 
Dilluor.imin»»pcntaniiroben/cne 2 ? 4 
Di fl uoram inoulka ncs a nd alkcncs. 

plosivc properties of 277 
l-Dinuoramincdiniiroben/vne 27.3. 2‘4 
Difluoraminoethane 275 
Dilluorainmomc thane 277 
Ditluoramino polymer 429 
DifiiM»ramim»-2..7.4.6.|eir.inii r ol»en/ene 

1 .3- Di lluor. »-2 .4.5 .Met ranu r« *K n/en. 

l-Dinuorammo.2.4.6.trmim4Knzcnc 

• 74 

pinuoro-4.5.6-tnniirohcnzcnc 144 
iV. A’-Difluorourea 27| 
unsvm Dimethvlhvdra/ine (UDMIh 
564). 569 

Dimcthylnitramine. thermal dccom- 

p»»sitk»n and activation energv ol 4ii2 
/V. \-Dimcthyl-/>-toluulinc. nitration of 
47 

DINA v»v Nitrodiethan«»laminc dinitratc 
Dinaphthylmcthanc disulphon.ite. sodium 

Dmgu ( Dmitroglvcolurile) 394 
Dimtramincs from nitroguanidinc 3f>| 
Dimtrobenzenes 

-Dmnrot.nzene as oxidizing agent I IS. 

m-Dinitrobenzenc 1 39(1' 193) 

chlorination «»f I9| (| |93) 
electrochemical properties of |4ti 
reaction with aryl iodides under mtlu- 


* 
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ence of copper t-butoxide 139 
Dinitrobcnzencdiazooxide (Dinitrodiazo- 
phenol. DDNP. DINOL) 497 
(IH/201) 

o~ and p-Dimtrobcnzcnes. obtaining of 
140 

Dinitrobcnzcnes . intensity of the peaks of 
mass spectra of 89 
a. a-Dinitrobcnzoyl benzoate 355 
Dinitrodiazomcthanc 2. 30 

2.2- Dinitro-4.5-bis(dinuorammo)-pentane 
276 

Dmitrodi-I 0 hvdroxvclhyl )-oxamide- 
dimlratc (NENO) 369(11137) 

1.2- Dinitroethane 236(1 594) 

Dinitrogen pcntoxidc 29-31 (1/105-107) 
Dinitrogen tetroxide 31-34(1/3.42. 

90-105. Ill 289. 291) 
addition to olefine 31 
free radical reaction 3 1 
mixtures with. 

in liquid cxplosis es ( 1 1 1 2 km ) 
in rocket propellants ( I II 296) 
nitric acid mixtures 33. .34 
Dimt roglyccnne v«r glyccnilniirolactalc 
dinitratc 

Dimiroglvcolurdc see Dmgu 

5.7- Dinitro-*»-h\droxvquinoline 2. 23. 24. 
,3k 

Dimtronaphthalcnc 23(I'37.K6. 105. 

142. 295) 

1 .5- Dimtronaphthalcnc 23 1 I' 105 j 

2.2- Dimtropropanc 236 
Diniiropropyluirytatc(DNPA) 412 

2.4- Dinitrorc*orcino| |92(l 536) 

3.4- Dimtrophcnol obtaining of 141 
fl 251) 

3.5. Dinit rophcnol. ohtjimng from svm - 
tnnitrobenzene Ml 
Dmilrosulphonic acids formeJ in Sellitc 
process, utilization of |73 (|,.3K9) 
Dinitropipcra/me. thermochemistry of 
402. 4413 

bis-(2.2-Dinitropropy|)- V-nitraminc. ther- 
mal decomp»»sition and activation 
energy of 44»2 

3.7- Dinitro- 1 . 3.5.7-tctrazahicyclo (.3.3. 1 1 
nonane (DPT) 391. 392. 393 (111 90) 

Dinitrotolucncs 151 (I 281-290) 
chemical stability of 163 
formationof 153(1 2b5) 
industrial production of 154 (1/288) 
physical (including ihcrmochcmical and 
explosive ) properties of 
152 (1/282-284) 

DINOL see Dinitrodiazophcnol 
DIPAM see Diuminohexamtrodiphenyl 


Dipentaervthritol hexanitrate (DPEHN) 
310.315 

Dipcrchloratcs. gcminal 319 

2.2-Diperchloralopropane 319 
Diphenyl. nitrodcrivativcs of 205 (l'416) 
Diphenvlether. nitrodenvativesof 194. 
217 (1/549) 

Disc mixers 558(1112504) 

Di Te l (jV,A'-bis(p.fJ.p)-trinitroeihylurea) 
246. 247. 259 

Divinylbcnzenc.co-polynier with 41M 
DNPA see Dinitropropvlacryl.ite 
DNPAF see Acetyl-form>l-2.2-diniiro- 
propanol 

DNPT see Dinitro/opcnlamclhylenc- 
tctraminc 

Dodccvl benzene sulphona'.e. sodium 5.30 
DPEHN see Dipenthacrythrilol hex.i- 
nitratc 310.315(11195) 

DPT see 3.7-Dinitro-l.3.5.7-tcirazabi- 
cydo (3.3.1 1 nonane 
Drais kneaders 558. 559. 560 
(111512-514) 

Dulcitol hexanitrate 309.310(11/171. 

172) 

Dvnagcl 549 

Dvnumites 539(111 454,457.458.459. 
461. 469. 471 . 472. 47ft. 479. 480. 481 ) 
manufacture of (111 511) 

Dynamit skulny 5.36 

Dvnamons 539 

# 

Edge runners 558 1 lll'350) 

EDNA see Ethylene dinitroaminc 
Electric birefringaiKC of aromatic nitro 
compounds see Magnetic and elec- 
tric bircfringancc 

Electric susceptibility of single base 
powder 5S4. 585 

Electrochemical properties of nitrocom- 
pounds ‘X) 

galvanic cells 90 
lasers 9t» 

photoconductivity 90 
Electron density in the molecule of nitro- 
benzene 68 

Electron distribution, calculation of 1 .3 
ir-EIcctron distribution in nitrobenzene 
96 

Elect ron - Donor- Acce pt or com pic xc s 
(EDA-complexes) sec Charge- 
Transfer Complexes (CT-compIcxcs) 
Electronic spectra of the nitro group 69 
Electrostatic potential mups (EPM) MU 
EncrgcIsMA 550 
Enoki dynamite 543 


■ 


636 


EponX-801 609 
ERLA-0510 609 

307(, " ,00) 

Esters of chlorine oxy-acids 3 19 (11/447, 
Ethyl nitrate 305 01/163) * 

Ethyl nitroacrvlaic 411 

Elh ^ i , l sr ,EDNA ' m,i “ i 

explosive properties of 364(H|/20, 

P S ndChem i C,,pr0per,K 'o« 3*3 

Frhv| Cne d ,' n " rilC ’ dccHm Position of 3IS 
E hr (Wl42) CO d ' n ' ,ra " 3f)2-303 

F,h n !' Cald ; ame,crorbur "'"* 29V 

Ihylcnc glycol moooni'faieU-nirraio- 

c(hanol) 302(11/14’) 
accidcnr with 553 

glyco1 n ' ,ra,c * 302(l!/|47) 

( i i^irw 2 - e,h,no, " ,,;aw 

Ec-NENA 397 

Explosibiliiy of coal dust 5 ’ 7 - 5 *j 
(111/420) 

E,pl 2T','r' physkj| ch * n *<' "" 

P, “"* ,eof 3l*(III/«6-438. *18. 

il& ork,ngo,m . tah 5,: 

action of ultrasonic waves on 16 
V 'cula'K'n of properties of 2 
detection in luggage 623 

prevent, ng from cha 'K'"g with static 

electricity 622 

P'oWemsofMfc.yio^^nuf.c.ur,. 

and handling of 1X7. 233. 3 '9 
33 1 . 349. 62 1 -626 (I/39 1 |f/p> 

4 <*: Hr/361. 686) “• 

sensitivity of 

to high temperature || 

IO,rT (M89) nd ,<>frich<>n ,| - 17 
toxicity of 627-630 

r\n OS,VCS n q s ^(lfl'429, 

CjP«.s.vcsP(2-4) 533-534(111/431, 
Exn|m' VtS P \ Ckin * mach ' n e for 5M 

Expires with difluoroamino group, a 

EX T n C CT C,aSS c 0fcxp,osiv «) 2 

M r h , . Eu /? pCi ! n Commission for the 

Extr.^ ° Tes,m S Explosives 526 
(m/65 ( 9) rew) ‘ proccss " 

P,0< ( °*ygen Fluorine) 570 
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Fluonnation 270. 273 
Fluoroammonium perchlorate 457 

(WToT*’ dCr ' Va,,Vcs of 1 "• 200 

Fluoro-penranitrobenzcne 144 

' C 'n£n™', ” I “ ofn, '' ocon ’ p « ,nd s 
mechanism of 1 14 
Free radicals. 

formation in the course of thermal 
decomposition of aromatic nitro 
compounds 12 1 

,roni ~c n ' , ;“5 omp '' und5ai '- p 

Fn '£ 2 Z«Sr m>e '*~'***o. 

Fncdel-Crafts nitrating agents 35 

i>-rructosc nitrate 35 1 

Fuels in liquid rocket propellants 569. 

Fulminate, mercuric 462 464-469 
011/129. 13V| ^ 

Fulminic acid (III/I32) 
esters of 469 

polymerization of 4 M(I,mu, 
huroxane derivatives of 494 
Furoxancs I22(l602) 

Fu*. de.ona.ing De.ona.ing r u « 

Cialocncol hcxani.raic .»». 3I.).|| | 7 |. 

PCrmiiicd nplmive- 
327(111 397. 3ds.4i«.4.N. 4|3 4 |n 

•■IX. 410. 430-440. 403) 

(»alsanic cells 9(i 
Ciup test 520-522(111 435, 
eurd gap lest 522 
dependence on temperature S'” 

examination vs^th. the ah, lit> of ^p,,^- 

ISCS to deflagrate 525 
Ca» bubbles, role of. i„ exp, 547. 

<»Js chromatography of alkyl nitrates 

Geometry o, the mtro group 68 
(1/179-181) 

n-Glucmc nitrate 351 (11440.441) 

Glycerol acetate dinitratc 3ir 
d'yccro* dinitrates 300 63. 1 26. 1 29. 

Glycerol 2.4-dinitrophenyleihcr 3<,| 

GJyccrol. mixed esters of 3,6(11 191) 

Glvcerrd T IT*" *» 

u ycerol — mtrolacrate dinitrate 300 

Glycerol trinitrate. 295-300 (in». , s 4 , 

absorption spectra of 296 (f| 45) ‘ 
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burning of 299 

chemical properties and stability of 
296-298 (II 46) 

critical diameter of burning of 299 
energy of activation of 294. 298 (11/50) 
explosion and detonation of 299(||/5l) 
methods of production of 324-332 
(11/62-124) 

physical properties (11/34-45) 
safety problems in manufacture of 
331 (11/122) 

sensitivity to impact of 298 (11/52, 
setting point of 295(11/34) 
thermal decomposition of 296-298 
(11/47) 

vapour pressure 295 (|| 43, 

Glycerol trinitritc. decomposition of 3IN 
Glycerol 2.4-innitrophenylethcr 3ni 
Glyceryl diphenyl, nitration of 3tl| 
Glycolunlc 396 

Glvoxal 396 

• 

Grammonals 540 
Granulits 539 
Granuhitol 549 

Gngnard reagent action of. on mtro com- 
pounds I(I7.|IIN(|/|86) 

Guanidine nitrate 444 (II 466| 

Guanidine perchlorate 456 (II 4K5, 

Ciuar gum 547 


Malcitc see Ethylene dinitroanunc 
Halogeno-bcn/enc derivatives ol |99. 
2fm || 450-4711, 

I leal of detonation, calculation of 6 
Meat resistant explosives |7. 202-217 
obtaining by t*«> phase methods ( PTC 
and! PC) 217 
resistance to irradiation 215 
Meanest see Abel ast 
Heterocyclic mtroumincs .372-397 
(IIP77-I27) 

llcxamcthylerediaminc. fluorm.iiion ol 
272 

Hexamcthylenediaminc peroxidc(Hcxa- 
mcthylcnctripcroxidc) 499(111/225 
299) 

Hcxamine. mechanism ol the nitration to 
cyclomic and octogcn 403 
"-Hexane. ionizing radiation on nitration 
of 219 

Mcxanitrobenzcne (HNB) 143(1/259) 
Hcxanitrodiphcnslamine (Hcxvl, 195 
217(1/161.295.417. 556.562) 

Hexanitrodiphcnylfluoramine 274 
I Icxanitrodiphcnylglvcerol mononitrate 
.301 


Hexanitrocthane 256.557(1/5%, 
Hcxanitrostilbene 202.208-211,217 
Hexanitrobcnzene 260(1/603) 

Hexogen see Cyclonice 
Hexyl see Hexamtrodiphcnylaminc 
High energy composite propellants with 
octogcn 613 

Higher energy smokeless propellants 
596-599(111/670, 

High pressure action on non explosive 
compounds I 

High temperature, influence of. on explos- 
ive* 1 7 

IIMX see Octogcn 
Hot spots 1 1 

H 1 PB see polybutadicne hydroxvter- 
mmoied binder 

Hydrazine 569-572 (l| l|. 12. 13. 
III/295.2%.305-3«l8) 
complex salts 445 
'dinitrate 442(11465) 
diperchloratc 455 
nitrate 441.442.617(11/464-465) 
nitrate complexes 443 
perchlorate 455.617(11483) 
polymer 419 

Hydrazimum nitrate see Hydrazine 
nitrate 

Hydrazimum perchlorate see Hvdrazinc 
perchlorate 

Hydra/oicjcid (III 161-169) 
derivatives and salts of 469(l||/|61 ) 
explosive properties of 473. 474 
(111/166) 

Hydrocarbons, aromatic, by-products in 
nitration of 64(1-74) 

Hydrocellulose nitrate 35 1 
I lydrodynamic theory of detonation 3 
Hydrogen bond with the nitrogroup 
81-83(1/170) 

Hydrolysis of nitrate esters 294 ( ||/9. 
lb. 304. 350) 

Hydroxylamine derivatives, explosive 
properties ol 2 

Hydroxylamine perchlorate 456. 617 
8-Hvdroxy-5-mtroquinoline 23. 24 
K-Hydroxyquinnlinc 38 
Hygroscopicity of ammonium nitrate ex- 
plosives 5 17 (11/453; 111/421) 
Hypcrgolic fuel, polymerization of 575 
Hypcrgolic mixtures 568 ( 1 11291 , 

H ypcrgolic systems 570-573 

Igdanit 538. 539 

Ignition of methane and coal-dust 529 
(III 410-417, 
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Impacc sensitivity 1 1 
Impulse^ sped', - c Specific impulse 

I N. D O calculation of distribution of 
electrons 13 

Infra-red bands of nitrocompounds 74 
75 . 76(1/175-179) 

Inhibition of polymerization by aromatic 
nitrocompounds 115(1/214-216) 
Initiating explosives 462-505 
(III/ 120-240) 

burning of. under reduced pressure 
463. 46# 

complex salts 497(111/230-231) 
from aminoguanidinc 368 (111206) 

Ionizing radiation on nitration 219 
Ipso-attack 47.52.53.130 
Ipso- ion 50 
Ipso-nitration 50-55 
Ipso-nitro form, migration of a n«tr«> group 
through 57 
Ipso-position 52 

Ipso-producis. transformation of 52 
Ipso reaction 50. 55 
IRECO Explosives 550 
IRENA 570 

!rr^j? t,0n ac,ion on explosives |6 
IWFNA 57(» 


Jackson- Meiscnhcimer cr-complcxc* see 
Mcisenhcimcr cr -complexes 
Jackson- Meiscnhcimer reaction see 
Mcisenhcimcr reaction 
Janovsky reaction 96.103(1/2117 ’os 

211.239.284) 

Jarouse-M^kosza reaction 105 
JP*4(5) see Non-hypergolic fuels 

Karbonites 535. 537 
Kcmpoxitc 546 
Kiri dynamite 543 

Kncaders 515. 558, 560(111,514. 589) 
Kohzumitc 545 
KuroCarlit 544 

Kurotaka Shounan Bakuyaku 544 
Knccht compound 345 ( U/321 . 323. 353) 

Laser pulse, action of. on explosives 16 
Lasers 90 

Laurylsulphonatc. sodium 5.30 

Lead bloc expansion, correlation between 
underwater energies 526 
Lead azide 462. 478- 4fU (IH/ 1 69-182) 
crystal structure 479([[|/|69) 
destruction of 487(111/181) 


manufacture of 482-484 (IIM78) 
properties of 479. 487 (!I|/|69. 178) 
sensitivity of 481 
spontaneous explosion of 480 48 1 
(111/173. 174) 

stability and reactivity of 482 

(III/I7I-I72) 
storage of 486 
toxicity of 487 

Lead 2.4-dimtroresorcinjtc 495 (III 220) 
Lead 4.6-dinitroresorcinatc, basic 495 
Lead mononitrorcsorcinace ( LMN R ) 494 
Lead styphnatc 462. 496 (111/213) 

Lignin, nitrodcrivativcs 351 (11433) 

Liquid c xplosi ves 568-576 (III 28 h- 3 1 9 
491-495) * ‘ 

Liquid oxygen explosives (Oxyliquiu. 

LOX) 568(491-4951 
Liquid rocket fuel, novel trends in 57.3 
l iquid rocket propellants 568-576 
(Ilf/291) 
analysis of 575 

LMN R see Lead mononitroresorcinate 
LOX iee Liquid oxygen explosives 
Lubricating oils, nitration of | to produce 
anti-corrosion materials) 218 

MAF 571 

Magnetic and electric bircfringuncc of 
aromatic nitrocompounds gn 
Makosza reaction tee Jarousc-M^kusra 
reaction 

Maltose nitrate 351 
D-Mannitol hexanitrate *)8(|| |6H) 
D-Mannitol pentamtratc 3417 ( 1 1 |7oj 
o-Mannosc nitrate 351 (Il'444i) 

MAPO 610.614 

Mass-spectra or isomeric dinitrohenzcncs. 

intensity of the peaks of 89 
Mass spectrographs of nitrocompounds 
88-90 

Mcisenhcimcr a-compcxcs 98- HM 
Meiscnhcimer reaction 97 
Mercuric fulminate 462.4M-469 
<111/129. 134.135-136) 
action of light on 467 
behaviour at low temperature 467 
burning under reduced pressure 468 
chemical properties of 466 
( III/ 139— 141) 

initiating properties of 468 
manufacture of 468 ( 1 11/ 1 49- 1 56) 
physical properties of 465. 466 

(135-139) 

Metals, adding of. to explosives for in- 
creasing the strength 17 (I|[,266) 
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Metanits 535.537 

Methylamine nitrate 443. 552 (II 465) 
explosion of 552 
in slurry explosives 549 
manufacture of. by the Plochl reaction 
551 

Mcthylamine perchlorate 456(11/484) 
1-Methvlnaphthulene. nitrodcrivativcs of 
203 

Methytnilraminc 356(111/16.51) 

Methyl nitrate 305 (II 160) 

Methyl perchlorate 319 
Micro-wave spectrosc«>py of nitro com- 
pounds 80 

Mining explosives see Commercial ( Min- 
ing) explosives 

Mixers see Mixing and kneading 
machines 

Mixing and kneading machines 560. 561 
(III 504.515. 55K. 560. 585-588) 

MMII see Monomethylhydru/ine 
MON see nitrogen oxide (NO) 
Monomcthylhydruzmc 571 
Mononit roa I kancs 2 IK (I 579-586) 
methods of obt .lining of 2 1 K-22 1 

(l'579| 

Mommit ro dcri\ iti\ es of benzene and 
toluene, industrial methods of di- 
nil ration of 154 f| '244-248. 

288-289) 

Monopropcllants 5fvs 

Mononitro toluenes 145 (1 26S-2M) 
Multicomp»»ncnts fuel 574. S75 
Myccllar nucleophilic reactions 102 

Ncftyanoi Amonit 542(111 489) 

NENO \ee Dinitn*di-(|J-hydioxvcthv I)- 
oxumide dmitratc 
Nitraminc 361-362 (I I LI 5) 

Nitramincs (\-nitrjmmcs and V-mtr- 

amidcs) 354-403 

as explosives (III 13) 
as nitrating agents 42 1 1 125) 
chiral 355 

dcc«>m posit ion of 402 
general inform atK»n on 354-36 1 
(UI'l-13) 

general information on preparation **f 

361 (1118-13) 
spectra of 354(1113) 
structure jnd chemical properties of 
354-360(111'! -7) 

X-ray analysis of 88 
Nitramincs. cyclic. 357-359 
Nitramincs. hetcrocvclic see Heterocyclic 
nitramincs 372-397(11177-127) 


P-Nitraminoalaninc 360 
Nitraminoguanidine 367-368 
Nitrate esters 281-351 (11/1-446) 
activation energy of 293, 294(11/50. 

144. 164. 183.308) 
as explosives 293(11/21) 
biological action of 295 
conversion into nitroalkanes 289 
determination of stability of 293 ( 11/23) 
dipole moments of 281(11/3) 
electron attracting properties and 
Charge-Transfer Complexes 
284-287 

formation of 289-292(11/20-21) 
from alkanes 292. 293 ( I' 1 46) 
hydrolysis of 287-289(117-18) 
of monohvdroxylic alcohols 304 
(IM60-I65) 

reduction of 289(11 18) 
spectroscopy of 282-284(11 4-6) 
structure of 281(111) 

*• X-ray analysis ol 88 
Nitrating acids, analysis of (rapid control ol 
nitration) 200 

Nitrating agents 21-42 (6 49) 

aliphatic nitrocompounds 41 (124) 
alkyl nitrates and boron influoridc 36 
amyl nitrate in the presence of potassium 
amide 40 

n -butyl nitrate — acetone cyanohydrine 
nitrate — pcrfluormatcd resinesulph- 
omc acid (solid supcracid catalyst ) 

35 

eye Ion itc in sulphuric acid 42 till 81 1 
dinit logon pentoxide 29-31 
(I 105-107) 

dinitrogen tetroxide and nitrogen di- 
oxide 31-34(1 90) 
dipotassium salts of dinitio cyclic 
ketones 39 

flunrotrinitromcthanc 4| 

Fnedd-Crafts miratinc agents 35 
ll 103) 

inorganic nitrate salts and inlluoroacciic 
acid 37 

nitramincs 42(1 125) 
nitrate esters in alkaline medium 39 
( 1 / 122 ) 

nitric acid 21-24 (1/6-9; 1 1 187) 
nitric acid and 
acetic acid (1/42-44) 

acetic anhvdnde 26(L44) 

• 

cerium ammonium nitrate or lallium 
nitrate 27 
hydrofluoric acid 26 
inorganic nitrate salts and Irifluoro- 
acetic acid 37 
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mercury salts 36 (I.'l 10) 
phosphoric acid 26 ( 11/34 1 ) 
sulphuric acid 24-25(1/9-41) 
sulphuric acid in the presence of in- 
organic salts 25 (1/42; 11/346) 
trifluoromcthanc sulphonic acid 25 
nitrocollidinium ions 29 
nitroguanidine in sulphuric acid 42 
(1/125) 

nitronium cation and its salts 27-29 
mtronium chloride 35 (1/58. 107) 
nitronium fluoride 35 <1/58. 107; 
11/355) 

nitronium hcxafluorophosphatc 29 
nitronium tetranuoroborate 29 
trifluoromethyl sulphate 29 
nitropyridinium ions 29 
nitrosyl chloride 39 
nitrous acid 37 (IM 16) 
nitroxonium ions 29 
silver nitrate and boron trifluoride 36 
tetranitromethane 41 
Nitrating agents with solid supcracid 
catalyst 35 

Nitration and nitrating agents, general in- 
formation 21 (1/4-9) 

Nitration 

aromatic radical cation formation by 55 
by-products see By-products in 

nitration of aromatic hydrocarbons 
diffusion control 61 
influence of positively charged substi- 
tuents on 63 

influence of ionizing radiation on 219 
influence of gamma radiation on 57-58 
(1/126) 

•pso 50-55 

of alkanes 218. 219. 229-236. 242-24’ 
(1/86.94) 

of alkanes 237.243(1/96) 
of alkincs (mercury catalysed oxidation- 
nitration of acetylene) 246.248 
< 1/587) 

of amylopcctine 350 
of amylose 350 
of aromatic systems 46-64 
influence of substituents on 48 (1/63) 
theoretical introduction 46-48 
of a co-polymer of acetoxystyrenc with 
divinylbenzene 404 
of cyclopentanonc 40 
of /V.iV'-Dibenzoylhydrazine 355 
of glycerol monolactate 300 
of glyceryl diphenyl 301 
of heptanone 40 
of hexanone 40 

of lubricating oils (to produce anticor- 


rosion materials) 218 
of methyl group in a- and y-picoline 40 
of mtrodiazomethane 30. 258 

° f COnta ' ning nilro 8 r oups 

products, exact analysis of 153 
reversibility of aromatic mtraton 55-57 
( 1 / 4 !) 

side reactions 63-64 (|/74-^8. 437) 
solid superacid catalyst of 35 
spent acid, denitration environmental 
problems of 435 
theories of (1/53-80) 
transfer, of alcohols see Nitrocollo- 
dmium tetrafluoroborate 
Nitric acid 21-24 (|/6) 
basicity of 24 
cryomctry of 22 
physical constants of 22 
spectroscopy of 23 
structure of 22 

Nitric acid, inhibited with HFlIRFN’A. 

IWFNA) 570 

Nitric acid, red fuming (RFN A) 21 (I 6) 
Nitric acid, white fuming ( WFNA) 21. 

570 

Nitrite esters 305.318 
Nitroaccty lencs 242 
Nitroalkancs 218-236 (l'579- 599) 
as alkylating agents in Fncdcl-C rafts 
reactions 213 

chemical properties of 221-224 
identification of 219 
physical contents 2 42 
Nuclear Magnetic Resonance of 77. 79 
spectra of 69.73.74.75 
stcric effects 269 
Nitroalkancs. substituted 26N-269 
thermal decomposition ol 268 
thcrmochemieal properties of 269 
Nitroalkenes 236-242(1 81.95. 107) 
method of preparation 236-239 
Nitroalcohols and unsaturated acids, esters 
of 229 

Nitroalkylphosphonatc esters, obtaining of 
41 

Nitroalkyl acetate polymer 441 
Nitroamincs see Nitramines 
Nitroammo derivatives of fluorohenzcnc 
200 

Nitroanisols 194 

9-Nitroanthracene. reversibility of the 
nitration of 56 
Nitrobenzene 139(1731) 
electron density in the molecule of 68 
electron distribution in 96 
electrophilic and nucleophilic substi- 
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tution 96. 106 
electronic spectra of 7 1 . 73 
free valence of aromatic cations of 96 
liquid explosives (mixtures with) 139 
(111789) 

mere a rat ion of 112 
nitration with nitric acid in the presence 
of mercuric oxide 113 
reaction with: carbamon 104 
Cirignard reagent 108 
hydroxyl produced by hydrogen per- 
oxide ferrous salt 112 
pyrolysis of 139 

substitution with phenyl radical 1 13 
Nitrobenzyl halogemdes. reaction with 
alcoholic potassium hydroxide to form 
nit rode rivatives of stilbcnc 210 
Nitrocarhoxylic acids 257 
Nitrocellulose (cellulose nitrates) 

339-349 ( 11/21 3-2 1 5 . 234-4 1 3) 
continuous methods of manufacture of 
345.347-348(11/391) 
determining the quantity of sulphate 
groups 342 

drying of (Finska Forcil Method) 
348-349 

free of sulphate 342 (ll'346-34 7 ) 
he .it ol combustion and formation 34 1 
manufacture ol 345-349 (362-413) 
mixed esters: nitrates and sulphates of. 
causing ihc low stability 342 
(II 293-2981 

semi -continuous method ol manufac- 
ture 345-347 
py rolysis of 341 
salety in the manufacture ol 349 
(11/380. 406) 

stabilization of 343-345 (11/393) 
ihcrmochcmicjl propertied 34 1 
(11/313) 

Nitrocollodimum tetraflunrahoratc. trans- 
fer nitration ol alcohol* with 291 
Nilro compounds 
as explosives (I' 188) 
biological activity of 90 
infra-red and Raman spectroscopy of 
74 

mass spcctrography of 88-90 
micro-wa ve spectroscopy of 80 
nuclear magnetic resonance of 77-80 
(|/|79) 

optical rotatory dispersion of 81 
oxido-reduction of 117 
photochemistry of 129- 135 (1/225) 
photoconductivity of 133 
photolysis of 134 
proton magnetic resonance 77. 78 


spectroscopy of 68 
structures and phvsico-chemical proper- 
ties of 68(1/165-187) 
thermochemistry of 88 
Nitrocompounds, aliphatic str Aliphatic- 
nitrocompounds 218-269 
Nitrocompounds, amino 195.202,217 
(1/206.562) 
diazotization of 118 
Nitro compounds, aromatic, reactivity ol 
96-112(1/192) 

action of bases in nucleophilic reactions 
of 104-107(1-303-304) 
action of Grignard reagent on 107- 108 
(1/187) 

action on polymerization ol 115(1714) 
as oxidizing agent 118 
1 .3-cycloaddition of 119 
diazotization of ammo nitro compounds 
118 

formation of nitroso compounds 118 
free radical reactions 112(1712) 
inhibition of polymerization bv 115 
G'214) 

Jackson- Mciscnhcimcr reaction and o- 
complexes 98-102 
Janovsky reaction 103 (l'207) 
myccllar nucleophilic reactions 102 
nucleophilic addition and substitution 
97-98(1/197) 

nucleophilic substitution in gas phase 
110 

oxido-reduction of 117 
photolysis 134 
photorcduction 131 
reaction of radical ions 110-112 
reaction with diazomethane 109 (1/195) 
reaction with hydroxylaminc to form 
aminonitro derivatives (1706) 
Richter reaction, mechanism of 109 
(1/205) 

reduction, of 1 15- 1 18 see Reduction 
substitution of 96-9 
thermal stability 120.121 
V-Nuro compounds 354-403 (Ill'l- 1 27) 
see Nitramines 
p-Nitrocumyl svstem 227 
Nitrocycloalkancs 228. 229 (1/84. 252) 
Nitrocyclohcxandicnylacctatcs 52 
Nitroderivatives of benzene, toluene and 
other aromatics 138-201(1730) 
of aniline 

hexanitrodiphcnvlaminc (Hexyl) 
195.217(1/562) 
picramicacid 195(1/571) 
other aromatic nitro compounds with 
amino-groups (DATB. TATB. 
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DIPAM) 195.202 
of benzene 138-140(1/230-262) 
of elher. picric acid 194 (1/545-554) 
of ethylbenzene 191(1/414) 
of haloge nohydrocarbons 191. 199-200 
of phenols: 

picric acid and salts of 191-192 
(1/484.525) 

2.4-dinitrorcsorcinol 192(1/536) 
styphnicacid 193(1/538) 
tetranitrodian 193 
of toluene 144-190(1/265-339) 
Nitrodiazomcthane 1.30 
Nitrodiazomethancs 30. 258 
Nitrodicthanolamine dinitrate (DIN A) 
368-369(111/9.36) 

Nitrocnamincs 261 
/VNitrocnamines 361 
a-Nitrocsters 220 

Nitrocthanc 226(1/86.95. 96. 132. 168 } 
Nitrocthyl acrylate 412 
Nitrocthyl methacrylate 412 
Nitrocthylenc. method of preparing from 
I -chloro-2-nitroct h.ine 405 
Nitrocthylenc polymer 404-405 ( 1-596) 
Nitroform 245(1 B2. 125.587.599) 
manufacture of 248-251 
properties of 246 ( |/588) 

Nitrogen dioxide s ee Dmnrogen tetr* 
oxide 

Nitrogen fluoride compounds 270 
Nitrogen fluorides in rocket propulsion 
574 

Nitrogen Magnetic Resonance of aliphatic 
and aromatic nitro compounds 
78-80 

Nitrogen oxide (NO) 570 
Nitrogen pentoxidc see Dimtrogcn 
pent oxide 

Nitrogen sulphide 2(111229) 

Nitrogen trifluoridc 27| 

Nitrogen trioxide (|/88. 109, 1 10) 
Nitroglycerine see glycerol trinitrate 
/V-Nitroglycine 360 
Nitro group 

electronic spectra of 69 
geometry of 68 

hydrogen bond vs ith 8l-83(|/|70) 
indirect methods of introducing the 
58-59 

by oxidation of primary amino group, 
oximes and diazo: compounds 
60(1/131) 

by substitution of various groups: 
aldehyde, azo. alkyl, r-butyl. 
carboxyl, chloromcrcuric. diazo. 
halogen, hydroxyl, ketone 59 


(1/127-130). sulphonic 58.191 
(1/126) 

migration of. through ipso-nitro form 

nucleophilic displacement of 98 
Nitroguanidinc 365-367(1/125.126; 
111/22-33) 

bond lengths 367(111/24) 
chemical properties of 365(11125) 
dimtroamincs from 361 
perchlorate 456 
/V-Nitrohydrazine 355 
Nitroindcn polymer 404 
3-Nitrokeiones 220 
3-Nitromcrcurial chloride 221 
Nitromcthane 224(1/579) 
dangerous salts of 222 (I '586: III 136) 
decomposition ol 225 
infra-red and Raman spectra of 74 
physico chemical and explosive proper 
lies of 224-225(1/580- <86 1 
practical use as an explosive 226 
Nitromcrhyl nitrate ester 30 
Nitronaphthol*. lead salts of 497 
Nitronic acid esters, reaction with acetyl- 
ene derivatives and dipokphilc' 119 
V-Nitro-0- nitro compounds 397 
Nitro-nitroso alkano CPscudomtroleO 
259 

Nitromum fluoride 4? 

Nitromum boron teirafluonde 4 7 
Nitromum hexafluorophosphate 29 
Nitromum ion 23. 24. 25. 26. 27. 2s. 29 
32. 33. 34. .38. 46. 47 
nitrogen resonance spectra of xn 
Nitromum perchlorate 457.617(1 19) 
Nitromum salts 27. 28. 29 (112) 
Nitrophcnols 191 (1-492) 

V-Nitro polymers 420 
0-Nitro polymers 413-419 ill |73i 
Nitropolystyrene and ns derivatives 404 
(1/4 18-419) 

Nitropropanc 226 
0-Nitropropiomc acid 218 
Nitroso compounds. formation of. by 
reduction of aromatic nitro com- 
pounds 115 
Nitrosomum ion 37 
Nnrosyl perchlorate 456 ( II 484 » 
Nitrotoluene oxidation of 145 
o-Nitrotolucnc. reaction to o-cvanoanilinc 
145 

Nitrous acid 37(1/116) 

NONA (2,2'.2‘\4.4'.4 , \6.6\6*-Nonaicr- 

phenyl) 217 

Nonel detonating fuse 554 
Non-hypcrgolic fuels 571.573 


Nuclear Magnetic Resonance of nitro com- 
pounds 77-80(1/179) 

Nucleophilic displacement of nitro groups 
98 

Nucleophilic reactions of nitro compounds 
96-98 

Nucleophilic substitutions in gas phase 
110 


Octal 394. 395 
Octogen ( HMX I 382- 395 .613 
(111/117- 1 19) 
activation energy of 388 
explosives with, as a main component 
394 

chemical properties of 387-388 
formation of additional complexes 

387-388 

high energv composite propellants with 

613 

mechanism of the mt ration of hcxaminc 
to octogen and cvclonitc 41 13 
prcparationof 391-393 
rate of burning of 390 
separation from hexogen 388 
solubility ol 3“ 7 
specification for 393-394 
stability of 387 

structure and physical properties of 
383-387 llli'l 17) 

thermal decomposition of 388-390 
thcrmochcnucal and explosive proper- 
ties of 390 
Octol 394 

Optical rotatory dispersion of compounds 
with a nitro group 81 
Organic azides, danger of handling 473 
Oxidation of aluminium in ammonium 
nitrate explosives 519 
Oxidation of oximes 60 (1/131) 

Oxidation of primary amino group 60 
(I'I3I) 

N- Oxides 323 

Oxidizers in liquid rocket propellants 

569. 570. 574 

Oxidizers, novel, in rocket propellants 
574 

Oxido-reduction of nitrocompounds 1 1 7 
Oximes, oxidation of 6*3(1/131) 
4-Oximinoizoxazol-5(4H)-oncs. photolysis 
and pyrolysis leading to esters of ful- 
minic acid 469 

Oxv-acids of chlorine, esters of 319 
(11447) 

Oxvcellulosc 345(11/321) 

Oxygen balance (OB) 2(1/2) 


Oxygen carriers in slurry explosives 548 
see water-gel explosives 
Oxygen difluortde 571.574 
OxygenTluorine see Flox 570 
(1.2-Oxypropylcne)diol. poly (PPG | 604 


Packing machine for explosives 564 
PBAA see Polybutadicne binders w-ith 
carboxylic function 605 
PBAN see Polybutadicne binders with 
carboxylic function 602.603.605. 
606. 607. 618, 620 

PEDN see Pentacrythritol dmitratc 
Pentacrvthritol 314. 316. 317(11/175. 

187) 

mixed estersof 316(11/191) 
nitration of 314(11/185) 

Pcntaerythritol dinitrate (PEDN) 317. 
318 

reaction witheyanure chloride 317 
Pentacrvthritol tctranilratc (PETN) 
310-317(11/175-191) 
explosive properties of 313 
(11/ 183- 185. 186) 
general properties of 310. 31 1 
(11/176-183) 

manufacture ol 333-338 (11/185- 191) 
solubility in nitric acid 314 
thermodynamic properties and thermal 
decomposition of 311 (I I- 18 1 -183) 
Pcntamethylnitrobcnzcnc. reversibility of 
the nitration reaction 56 
Pcntunitrobcnzcnc 142 
Pcntanitrophenyl ethanol 207 
Pentitol pentanitrates 307 (11/168) 
•PeptidyP 404 

Perchlorate complex salts 455 (11/230) 
Perchlorate, fluoramomum 457 
Perchlorates of metals 454(230) 
Perchloric acid 457. 458 (11/313) 
thermal decomposition of 457 
Pcrchlorvl group, compounds containing 

the ' 2 

Pcrchlorvl fluoride 571 (II 488. 111/313) 
Pcrdcutcronitromethane 1 
Permitted Slurries 552 
Pcrfluoroguanidinc 272 
Peroxides 499(111/225.299) 
Peroxytnfluoracetic acid, oxidation of 
oximes to nitrocompounds with 219 
PETN see Pentacrythritol tctranilratc 
PETriN (Pentacrythritol trinitrate) 317. 
318(11/194) 

Phase-Transfcr-Catalysis 104. 105. 

217 see Jaroussc-M^kosza reaction 
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Phenylnitromethane 226 (1/96, 123. 275. 
598) 

electronic spectra of 71 
nitroderivatives of 227 (1/399. 598) 
Photochemistry of nitro compounds 
129-135 (1/225) 

Photoconductivity.of nitro compounds 
99,133 

Photolysis of aromatic nitro compounds 

Photorcduction of aromatic nitrocom- 
pounds 131 

Phthalic anhydride nitration, danger of 
189 

Physical changes on storage of explosives 
519(111/436-438.518) 
a- and y Picoline. nitration of methyl 
group in 40 

Picramicacid 195(1/571) 

Picric acid 191(1/486-520) 
saltsof 192 (1/525. 530; 111/212) 

Picric acid ethers 194 (1/545-554) 

Picryl chloride 200 ( 1/459-465) 

Picryl fluoride 199(1/470) 

Planetary mixers 558(111/512-514) 

Plastic bonded explosives 420(111/203) 
Plastisol propellants set slurry-cast 
propellants 

Plochl reaction, manufacture of methyl- 
amine nitrate by 551 
Pobedit 541 
Polar Ajax 533(111/466) 

Polar Viking 533(111/468) 

Polyacctylcnc 1.622 
as conducting agent 622 
Polybutadicne binders see Binders in 
composite propellants 
Polybutadienc binders with carboxylic 
function 602.605 

Polybutadicne hydroxy terminated binders 
(MTPB) 602-609 

Polyester of dinitrocarboxvlic acids and 
dinitrodiols 413 

Polyethylene hydrazine perchlorate 419 
Polyhydroxvlic alcohol esters 307-318 
(11/166) 

Polymerization of hypergolic'fuel 575 
Polymers, explosive 404 
Polymers. C-nitro 404(1/418-419) 
Polynitro aliphatic compounds 242-245 
(1/587) 

Polynitro aromatic addition compounds. X- 
ray analysis of 88 

Poly( 1 ,2-oxypropylene )diol f PPG) 604 
Poly-p-phenylene arsenic pentafluoride. as 
conducting agent 622 
Polyurethane binders 602. 603. 605 


Polyurethane-resin propellants (JPLX 500) 
605 

Polyurethanes containing nitro groups. 

nitration of 409-411 
Polyurethanes with aliphatic C- and N- 
nitro groups 405-4 1 1 
Polyvinylalcohol. nitration of 415-418 
( 11 / 173 ) 

Polyvinyl nitrate 351 (11/173) 

Poly (vinyl chloride) plastisol propellant 
(PVC) 611-612 

Polyvinyl nitrate 413-419(11/173) 
chemical and physical properties of 
413-414 

decomposition of 415 
explosive properties of 414-415 
modification of 419 
practical use of 418 
preparation of 415-418(11/173) 
Portanof 563.565 
Potassium perchlorate 617 
Potential heat resistant explosives 
213-215 

Powder, manufacture of 585(111 641) 

PPG see Poly( 1 .2-oxvprop>lcnc)diol 
601 

Primary explosives 462-505 
(111/129-240) 

Primers, manufacture of 498 
Production of nitrate esters 324-337 
(111/62-125. 185) 

n-Propane. ionizing radiation on nitration 
of 219 

Propellant grains, shapes of the 618. 619 
( (11/366) 

Properties of explosives, calculation of 2 
Propionc peroxide 499 
Propyl nitrates 306 1 11/165) 

Proton Magnetic Resonance of aliphatic 
and aromatic nitrocompounds 77, 

78 

PYA. Polyvinyl alcohol 415 111 173) 


Radiation gamma, influence of. on the 
nitration 57(1/126) 

Rafflnose nitrate 351 
Raman spectrometry, using to study the 
structure of explosives immediately 
preceding the decomposition prod- 
uced by shock 77 

Raman spectroscopy of nitro compound 
RDX see Cyclonit 

Reaction potential map (RPM) 102 

Reactions of aromatic nitro compounds: 



SUBJECT INDEX 


action of bases in nucleophilic reactions 
104-107 

with carbon monoxide 1 18 
with diazomethane 109(1/195) 
vicarious' substitution 106 
Reactions of radical ions 110-112 
Reactivity of aromatic nitro 

compounds see Nitrocompounds, 
aromatic, reactivity of 
Reduction: 

electrochemical of 1 . 1 .1 -trimt rocthane 
228 

of aromatic nitro compounds 115-117 
with formation of furoxane derivatives 
116 

with formation of nitroso compounds 
115 

RcolitC 550 
Rcomcxcs 550 

RFNA see Nitric acid, red fuming 21 
570(1/6) 

Richter reaction, mechanism of 109. 1 10 
(1/205) 

Rubber, conductive 622 


Saccharose nitrate 351 
Sachs and Hipcrt rule 130 
Safety against methane and coal dust 527 
(I1P409-49I ) 
theory of 529 

Safety of explosives, general description 
of 626tll|/4|3) 

Safety of manufacture and handling of 
aromatic nitrocompounds 187-190 
( l'39l) 

Safety problems in the manufacture and 
handling of explosives 621-630 
Sakura dynamite 543 
Saletrol 535 

Saltsof nitric acid 437- 444(11/450) 

Salt* of oxy acids of chlorine 444-457 
(11476) 

SB A see Water-gel (Slurry) blasting 
agents 550 

Screw-extrusion process 590-596 
(111/659) 

Sccurit 546 
Selectid granulated 541 
Scllite' Process see Trinitrotoluene 
sulphitation of 172 
Scmi-continuous method of manufacture 
of nitrocellulose 345-347 
Sensitivity of explosives 
to high temperature II 


645 

to impact and to friction 11-17(1/189) 
Shiza-Usnc dynamite 543 
Shot-firing in mines, condition of 524 
(III/406) 

Shounan Bakuyaku 544 
Skalinit 532 

Silver azide 484-486(111/182) 

Single base powder 578 
electric susceptibility of 584- 585 
kinetics of decomposition of 584 
manufacture of 585 
stabilizing of 583 
Skalnyi Ammonal 540 
Slurried trinitrotoluene, properties of 55 1 
Slurries permitted 552 
Slurry-cast propellants 588-590(111/677) 
Slurry Explosives 545-554 
advantages of 547 
aluminium in 548 
cross-linking agents in 548 
hazards in manufacture, storage, trans- 
portation and handling of 547, 

549. 562 

history of 546-547 
oxygen carriers in 548 
permitted 552 

surface active and emulsifying agents 
in 548 

with high explosives 549. 550, 552. 553 
with nitroglycerine based explosive* 

553 

Slurry Explosives in different countries 
549-551 

Smokeless powder 577-601 (111/528) 
crosivcncss of 585 (111/531 . 548) 
free radicals in the change of diphenyl- 
aminc 581-582 

stability of 577. 579-581 (111/550-559) 
stabilizers of 582-584 (111/559-567) 
Specific impulse 

by composite propellants 615.606. 

610.611.612.613 
by liquid rocket propellants 569 
Spiral way of detonation of mixed explos- 
ives 523 

Sodium azide, manufacture of 488-490 
Solvent effect on ultraviolet-visible spectra 
73 

o-Sorbitol hexanitrate 309. 310(11171. 
172) 

Sorguyl (Tetranitroglycolurile) 394 
Spectroscopy of nitro compounds 68 
Spent acid 

denitration environmental problems of 
435 

from cydonite ( RDX) manufacture 
433-435 ( 1 1 193. 98- 1 02 ) 


646 
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from nitrocellulose manufacture 435 
(11/374) 

from nitration of alcohols (general prob- 
lems) 422 

from nitration of glycerol 423-427 
(11/84) 

denitration of 423-427 
stabilization of 423 
re-use of. to nitrate toluene to DNT 
stabilization of 423 
from PETN manufacture 429 
from TNT manufacture 435(1/353. 
356. 359. 364) 

recovery of 422 (1/142; IK/83) 

Stability of commercial explosives 519 
( 1 11/436. 518) 

Starch nitrates (nitrostarch) 349-350 
(11/418) 

Static electricity 622 
Static pressure action on explosives 1 
Stilbenc. nitroderivatives of 208. 2 1 7 
Strength of explosives, increasing the 1 7 
Strength of mining explosives 525 
determination by firing in a coal burden 

525 

determination by underwater detonation 

526 

Structures physico-chemical properties of 
nitrocompounds 68(1/165) 
Styphnicacid 193(1/538-541) 
lead salts of 462(111/213-220) 
pK, deviation from the Hammett re- 
lation 191 

Substitution of various groups by the nitro 
group see Nitro group, indirect 
methods of introducing the 
Sulphur Ammomt 542(111/488) 

Sunvcxes 550 
Superacid 35 
Superoxides 500 

Surface active and emulsifying agents in 
Slurry Explosives 548 
Surfactants, addition to increase the de- 
tonation ability of AN-FO 530 
SX-2, Explosive (British 'flexible') 420 


TACOT (Tctranitro derivatives of di- 
benzo- 1 .3a.4.6a-tctrazapcntalcne) 
211 

Tagging of commercial explosives 625 
TATB see 1.3.5-Tnnitro-2.4.6-triamino- 
benzene 
Tovon 550 

TDI see Toluene diizocyanate 

TEAT 610 

Tellex mixer 560. 561 


Theory of safely against methane and coal- 
dust 529 

Testing permitted explosives, galleries for 
527 (IH/397-398. 409. 413-420. 
439-446.463-464) 

Tetracene 462.490(111/206) 
V.A’.iV'.jV'-Tetrafluorohcxamethylcne- 
diamme 272 

Tetrafluorohydrazine 272. 275. 276. 57| 
Tetramcthylammonium nitrate 443 
(11/466) 

Tetramethyl-p-phenylenediaminc (TMPD) 
284.285. 286 

1.3.5.7- Tetranitroadamantane (TNA) 

214 

Tetranitroanilme 274 ( 1/556. 560-561 ) 
Tetramtroa2oxybenzene 171) 

1.2.3.5- Tctranitrobenzcnc 141 

1.2.4.5- Tetranitrobcnzcnc 142 (1257. 
159) 

1.2.3.4-Tetranitrobenzcnc 142 
Tctranitrodiun 193 
Tctranitroglvcolunle see Sorguvl 
Tctranitromcthane 25 1 -256 ( 1/75. 82. 

124. 125. 187. 188. 215. 376. 579. 
588-594. 111/290. 297) 
chemical properties 252(1 589-590) 
denitration by electrochemical reduction 
228 

explosive properties of 255 (1/590-593) 
physical and phvsico-chemical properties 
of 251 (1588-589) 
preparation of 256 (1/593-594) 
toxicity of 256(F593) 

1. 3.5. 7- Tctranitro- 1.3.5. 7-tctrazacyclo- 
octane see Octogen 

Tetrazcnc see Tetraccnc 
Tctrazolc. derivatives and their salt' 492 
( 1 11 / 210 ) 

Tctryl 370-371 (I 129. 151 . 161.222.29?. 
400.111/40-62) 
burning of 371 

thermal decomposition of 370-37 1 
(111/52-53) 

Thermal analysis of explosives see 
Thermochemistry 

0 

Thermal stability of aromatic nitrocom- 
pounds 120.121 
Thermochemistry 88 
Thermostable explosives see Heat re- 
sistant explosives 

TMPD jeeTetramethyl-p-phenylene- 
diaminc 

TNA see l.3.5.7-Tctranitroadamantane 
TNT see Trinitrotoluene 
Tokugiri dynamite 543 
Toku-shiraumc dynamite 543 


Toku-Ume dynamite 543 
Toluene, electronic spectra of 7| 
industrial methods of mononitration of 
145-151 (1/232) 

isomer control in nitration of 144 
2.4-Toluenc diisocyanate (TDI) 603. 605 
Torpexes 202 
Tovex 549. 550 

Toxic gases produced by detonation 516 
Toxicity of explosives 627-630 
Toxicity of nitro compounds 9 1 
TPEON JceTripentjcryihritol octa- 
nitratc 310 

Transfer, nitration of alcohols with nitro- 
collodiniurr. tctrafluorohoratc see 
Nitrocollodimum tetraduorohorate 
1 runsmission of detonation see Gap test 

1 .3.5- Tnamino-2.4-dinitrobcnzcne 275 
Triazidc. cyanic 474(|||/|«W) 

(nazidom nitrobenzene 462.497 

(III 193) 

I richlorotrimtrobcnzcnc 191. 205 (I 469) 
Tncthylcnc glvcol dinitratc 303. 333 
(II 154) 

problems connected with manufacture 

of 333 

Tiifluorotrinitrobcn/cnc 199. 200 
sym Trinit robenzenc 1 40 ( I '248- 255 ) 
action of Grignard reagent on 1 07 
laboratory method of obtaining of. by 
nitrating of m-dinitrohcnzcnc 140 
I.2J -Triniirohcnzcnc 144 ( I 248-257) 

2 .4.6- T nmtrohcnzvl chloride 21 1 
Trinitrocrcsol 144 (1/337. 532-535) 

1 .1 .l-Trinitroeihanc. denitration by 

electrochemical reduction 228 
Tnnitrocthyl acrylate 412 
Trimtrocthylhcnzcnc 4|4 
/V..V*.bis-(3.p.B)-Tnnitiocthylurea see 
D.TcU 

Trine roglyccrinc see glycerol trinitrate 
Trimtromethane derivatives 245 (1/587) 
Trimtronaphthalcnc 23(1/214.432) 
Trinitrotoluene 160- 187 (1290-340. 
345-393) 

chemical changes during isothermal de- 
composition of 162 
chemical properties of 164 (I/34IO. 329) 
impurities of 171-172(1 326-339) 
influence of various ‘foreign* substances 
on the decomposition temperature 
of 189 

manufacture of 176-190(1/345) 
physical (including thcrmochcmical and 
explosive) properties of 160.551 
(1/291.299.318. 327) 
salts of 189 


slurried, properties of 551 
spectrophotomctric quantitative analysis 
of. in the presence of cydonite. 
octogcr and waxes 73 
sulphitation ( Scllitc* Process) of crude 
172-175(1/332.379) 
unsymmctrical isomers of. and by- 
products of nitration of toluene 
166-172(1/326-339) 
utilisation of by products formed in the 
•Scllitc process 173-175 

1 .3.5- Trmitro- 1 ,3.5-t riazacydohexane 
see cydonite 

1 .3.5- Trinitro-2.4.6-triaminobenzene 
(TATB) 203 

Tnpcntaerythntol octanitrate (TPEON ) 
310 

2.8.5- Triphenyl-tris-triazolobcnzcnc. 
nitroderivatives of 215 

Tripcntaerythritol octanitrate 310 

Trityl cation 272 

Trityldifluoraminc 

Two phase system (TP(’) 217 


UDMH see unsym Dimethvlhydra/inc 
569-573 

tglcnits 541 
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